Processes linked with the genesis, evolution and emplacement of silicic complexes in arcs are still poorly constrained. Of particular interest are the depth of magma production, the relative contribution of crystal fractionation versus crustal partial melting and the timescales involved. The Soufriè re Volcanic Complex (SVC) on St Lucia is one of the largest silicic centres in the Lesser Antilles arc. Here we present the results of a detailed mineralogical study, including in situ Sr isotopes in plagioclase and in situ d
INTRODUCTION
Although important for the evolution of the andesitic continental crust, our understanding of the genesis and evolution of silicic magma bodies in continental and mature oceanic arcs remains limited. Models for silicic magma production include crystallization of mantlederived mafic magma in either the upper (e.g. Pichavant et al., 2002) or lower crust (Prouteau & Scaillet, 2003) , partial melting of previously emplaced igneous rocks (Jackson et al., 2003) , mixing of mafic magma with partial melts of metasediment present in the arc crust (Druitt et al., 1999) or assimilation of igneous rocks and/ or metasediments by mafic magma either by sensible heat (heat released during magma cooling) and/or by latent heat from fractional crystallization (DePaolo, 1981) . These processes could occur separately or be combined, as in the 'hot zone' model proposed by Annen et al. (2006) , where partial crystallization of basalt sills in the lower crust can produce both residual silicic melts and anatectic melts from partial melting of pre-existing crustal rocks. Determination of the depth at which andesitedacite production occurs is not straightforward. Although most andesite-dacite phenocryst assemblages suggest crystallization at low pressure and temperature, the lack of large volumes of mafic cumulates in the upper crust may argue against significant differentiation at shallow depth (Mü ntener et al., 2001) . Instead, there may be a decoupling of phenocryst fractionation occurring at shallow depth and andesite-dacite liquid production taking place in a deeper chamber. In this case, commonly cited processes for the triggering of segregation and ascent of felsic magmas produced in the middle-lower crust include compaction of partially molten rock (McKenzie, 1985) or the injection of recharge magma, which could force ascent of silicic magma along preexisting or initiated fractures (e.g. diking; Brown, 2007) . High water contents can facilitate magma ascent and lead to resorption of crystals and xenocrysts as a result of heating of the magma during decompression (e.g. Annen et al., 2006) . Conditions and processes involved in shallow magma chambers prior to eruption include magma mixing or mingling between hot recharge magma and cooler silicic resident magma, as well as extensive crystal fractionation owing to low pressures and degassing.
To assess (1) the role of deep versus shallow differentiation and crustal assimilation in the genesis of the silicic magmas and (2) the relative roles of cooling, reheating and magma mixing on magma evolution and longevity, we investigated in detail the petrography and mineral chemistry of volcanic rocks from the island of St Lucia in the Lesser Antilles arc, where volcanism changed from mainly mafic to silicic activity around 640 kyr ago (Lindsay et al., 2013) . Petrographic observations along with in situ mineral d
18 O, 87 Sr/ 86 Sr, and major and trace elements in representative lava and pyroclastic deposits of the Soufriè re Volcanic Complex (SVC) and older units (Pre-SVC) reveal key information about the development and sustainability of silicic complexes in mature arcs.
GEOLOGICAL BACKGROUND
St Lucia is located in the southern section of the Lesser Antilles arc, between the islands of Martinique and St Vincent (Fig. 1a) . On St Lucia, two compositional groups of volcanic rocks can be separated, which also differ in age. The oldest group, called the Pre-Soufriè re Volcanic Complex (Pre-SVC) (Bezard et al., 2014 (Bezard et al., , 2015 is present across the island (Fig. 1b) . Pre-SVC lavas are mainly mafic ( Fig. 2a) but display compositions ranging from basalt to rhyolite and have been dated to between 18 and 1Á1 Ma [Briden et al., 1979; Aquater SpA, 1982; De Kerneizon et al., 1983; Samper et al., 2008; see Lindsay et al. (2013) for a compilation of all St Lucia ages]. The second and younger group of rocks is associated with the Soufriè re Volcanic Complex (SVC) ( Fig. 1b and c ; Bezard et al., 2014 Bezard et al., , 2015 . Lavas from this group are silica-rich andesites and dacites (62-67 wt % SiO 2 ; Fig. 2a ) that were extruded from 640 ka to Recent in the southwestern part of the island (Fig. 1c) , in and around the semi-circular ($2 km diameter) Qualibou depression (e.g. Schmitt et al., 2010; Lindsay et al., 2013) . The associated volcaniclastic rocks cover most of the central and southern part of the island (Fig. 1b and c) .
Using d 18 O and 87 Sr/ 86 Sr data from hand-picked minerals, Bezard et al. (2014) , showed that most St Lucia lavas (and volcaniclastic rocks) were affected by crustal assimilation of sediments intercalated within the arc crust. These sediments were suggested to originate from the forearc basin of the extinct Aves Ridge Arc (Bezard et al., 2015) , intruded during the development of the central-southern Lesser Antilles arc (Aitken et al., 2011) . The SVC lavas are the most affected by crustal assimilation, and display 'continental' isotopic compositions with 87 Nd of 0Á70754-0Á70906 and 0Á51210-0Á51226, respectively (Fig. 2b) . In contrast, Pre-SVC lavas were much less affected by assimilation and have more typical oceanic arc signatures (Pre-SVC1; Fig. 2b Nd/ 144 Nd of 0Á70411-0Á70439 and 0Á51295-0Á51298, respectively), except for a few lavas located in the SE of the island, which display more 'continental' signatures with transitional isotopic compositions between SVC and Pre-SVC1 (Pre-SVC2; Fig. 2b Nd/ 144 Nd of 0Á70611-0Á70622 and 0Á51251-0Á51258, respectively). The variations in St Lucia whole-rock Hf and Pb isotopes and rare earth element (REE) compositions (ratios of light to middle or heavy rare earth elements; LREE/ MREE or LREE/HREE) and Th/Th* [¼ Th CN /(Ba CN þ U CN )/ 2, where CN means chondrite normalized] have also been shown to be controlled by crustal assimilation of metasediment (Bezard et al., 2015) . The metasediment, which is not exposed at the surface, is inferred to have a Sr, Nd, Hf and Pb isotopic composition similar to that of continental crust, as well as a high La/Sm ratio ($6) and high Th concentrations.
Based on (U-Th)/He eruption ages (Schmitt et al., 2010; Lindsay et al., 2013) , the activity in the SVC can be separated into three eruption periods, as follows.
Phase 1, $640-250 ka. Emplacement of Micoud pyroclastic deposit (640 6 19 ka), of the silica-rich andesites and dacites of the Mt Gimmie and Morne Tabac (532 6 21 ka) stratovolcanoes, and deposition of the dacitic pyroclastic rocks and domes of Bellevue (264 6 8 ka) and Morne Bonin (273 6 15 ka).
Phase 2, $100-50 ka. This phase includes the eruption of Anse John quartz-poor pumice tuff (104 6 4 ka), Gros and Petit Piton domes (109 6 4 ka and 71Á1 6 3 ka) and the Pointe Beach pumice (59Á8 6 2Á1 ka).
Phase 3, $20 ka. This phase includes the eruption of Belfond tuff ($20 ka) and the Belfond and Terre Blanche domes (13Á6 6 0Á4 ka and 15Á3 6 0Á4 ka, respectively).
A major sector collapse resulting in the Qualibou depression occurred between phases 1 and 2 (Roobol et al., 1983; Mattioli et al., 1995; Deplus et al., 2001; Boudon et al., 2007; Samper et al., 2008) . Subsequent activity occurred exclusively within the depression (e.g. Lindsay et al., 2013) . Boudon et al. (2013) suggested that dacite dome emplacement in the SVC was possible only after the sector collapse (i.e. during Phases 2 and 3). However, crystal-rich dacite domes were also shown to be extruded before the formation of the Qualibou depression (i.e. during phase 1; e.g. Morne Bonin; Schmitt et al., 2010; Lindsay et al., 2013) . Finally, a period of eruptive quiescence occurred between phases 2 and 3 (Lindsay et al., 2013) .
From (U-Th)/He eruption ages and U-Th zircon ages, Schmitt et al. (2010) proposed an evolutionary model for the SVC. This model invokes episodic melting within a complex of mid-crustal plutons of intermediate composition under the Qualibou depression, which were sampled as granodiorite inclusions in Phase 3 domes. The source of the heat necessary for melting remains unconstrained but was suggested to be due to mafic magma underplating beneath the plutonic complex. The model is based on several observations: (1) zircon crystallization ages predate volcanism, and this is more obvious for phases 2 and 3 than for phase 1; (2) zircon crystallization age distributions are indistinguishable between plutonic inclusions and their host lava; (3) zircons record discontinuous crystallization episodes; (4) the zircon crystallization age distributions in lavas and distal pyroclastic deposits share strong similarities despite spatial separation and eruptions over a wide range of ages.
In this contribution, we test the existing evolutionary model proposed for the SVC and further constrain the development of silicic magmatism on St Lucia using a detailed petrographic, chemical and isotopic investigation of the various groups of eruptive products. In the following sections, SVC volcanic rocks are subdivided into SVC1, 2 and 3, referring to the three main phases of eruption of the silicic complex. Here the term 'phenocryst' is used to refer to the size of the crystal (typically with diameter >600 mm) and has no genetic meaning.
METHODS
For this study, we performed petrographic analyses on 30 thin (30 mm) and 24 thick (100 mm) polished sections of samples covering the various groups of eruptive products (Pre-SVC1, 2 and SVC1, 2, 3). The location of each sample analysed is shown in Fig. 1 . Twelve thick sections were chosen for scanning electron microscope (SEM) imaging and electron microprobe (EMP) major element analysis. Based on the combined SEM and EMP data, eight and six thick sections respectively were selected for in situ trace element analysis by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and in situ 87 Sr/ 86 Sr by microdrilling-thermal ionization mass spectrometry (TIMS) analysis. In situ d
18
O measurements in zircons separated from 10 SVC lavas and pumices and mounted in indium and aluminium mounts were also performed. The zircons selected had been previously dated by the U-Th and U-Pb methods (Schmitt et al., 2010) .
Imaging and electron microprobe analysis
Over 200 back-scattered electron images were obtained on thick sections of representative samples using a Zeiss EVO MA15 SEM at the Geochemical Analysis Unit (GAU), Macquarie University, with an accelerating voltage of 15 kV. Brightness and contrast were optimized to accentuate the textures. A few images of the thick sections were also obtained by cathodoluminescence (CL) with a fixed voltage of 15 kV and variable current. Imaging of zircon mounts was performed at the University of California in Los Angeles (UCLA) using a LEO 1430 VP SEM and similar analytical conditions.
Mineral major element analyses were obtained using a CAMECA SX100 EMP at Macquarie University and at the Australian National University (ANU) with an Nd isotopic compositions (b) of the different groups of Pre-SVC and SVC lavas. Data from Bezard et al. (2014) . (b) is modified from Bezard et al. (2014) .
accelerating voltage of 15 kV, a 20 nA beam current and a beam diameter of 1-2 mm. Calibration at Macquarie was based on the following standards: orthoclase (K), wollastonite (Ca, Si), albite (Na), hematite (Fe), kyanite (Al), chromium (Cr), rutile (Ti) and olivine (Mg). At ANU, the following standards were used: albite (Na), K412 glass (Mg, Al, Fe), chromite (Cr), rhodonite (Mn), sanidine (K), rutile (Ti), P on #375 glass.
Major element compositions of the lava groundmasses were determined using an energy-dispersive spectrometer (X-max Oxford Instruments) attached to a Zeiss EVO SEM at operating conditions of 20 kV and 8-10 nA, at GAU. The instrument (spectrum) was calibrated using a thin pure copper grid attached to each section analysed. For each sample, the groundmass composition was typically measured several times on different areas ranging in size between 0Á01 and 4 mm 2 .
Trace elements
In situ trace element concentrations were determined using a New Wave UP-213 laser ablation system linked to an Agilent 7700 Series ICP-MS system at the GAU, Macquarie University. Ablation of the samples was performed in a helium chamber using a frequency of 5 Hz and an ablation size of 55 mm for single spots or a line 120 mm long and 30 mm wide when rastering was needed. Concentrations and detection limits were obtained using GLITTER software (http://www.glittergemoc.com/). The instrument was calibrated using the NIST610 glass standard and CaO (wt %) concentration obtained from the electron microprobe was used as an internal standard for each analysis. The BCR-2 standard was analysed at least at the beginning and the end of each analytical session. Results for BCR-2 are presented in Supplementary Data Appendix 1 (supplementary data are available for downloading at http://www.pet rology.oxfordjournals.org). Differences between our measured BCR-2 concentrations in every batch and the Georem preferred values are less than 5% for all elements reported. Given the presence of melt inclusions in most crystals, and to ensure data quality, incompatible trace elements in the mineral analysed were carefully checked and all abnormal data (e.g. unreasonable enrichment in elements incompatible in plagioclase) were discarded. Furthermore, every LA-ICP-MS analysis included major elements, allowing comparison with the major elements obtained by electron microprobe and the calculation of the structural formula for every spot. Sr analyses were performed by microdrilling thick sections (100 mm) followed by measurements by TIMS. Two crystals from the most mafic Pre-SVC1 lavas (basalt SL-83-44), three crystals from the most mafic Pre-SVC2 (basaltic andesite SL-83-26) as well as seven crystals from the SVC lavas (one from SL-JL-02 and one from SL-JL-23, three from SL-JL-51 and two from SL-JL-83) were selected for analysis. Groundmass from the corresponding lavas was also analysed. Before microdrilling, electron microprobe traverses and trace element analyses were performed across all the selected crystals. Microsampling was performed at the GAU, Macquarie University, using a Merchantek V R micromill, following the method developed by Charlier et al. (2006) . Microdrilling of the sample was performed in a drop of MQ water and collected using a micropipette, then placed in a Teflon Savillex beaker and dried before being digested in HF and HNO 3 . Strontium separation was carried out using $70 ml of pre-washed Sr-Spec resin and samples were analysed using a Finnigan Triton TIMS instrument in static collection mode. Correction for within-run mass fractionation was done using an exponential law and a normalizing value of 86 Sr/ 88 Sr ¼ 0Á1194. Sr samples were run unspiked as the young age (<20 Ma) and low Rb/Sr (0Á44-0Á02) of St Lucia lavas precluded the need for isotopic dilution to age-correct the measured ratios. Residual Rb was monitored and burned off the filament during slow heating prior to analysis. During the analytical session instrument performance was monitored by analyses of Sr standard NBS987. Sr was 0Á70965 6 0Á000037 (2SD; n ¼ 4) and 0Á705026 6 0Á000030 (2SD; n ¼ 4) respectively. BCR-2G values are identical to values determined for large loads of Sr (>100 ng Sr) by Mahoney et al. (2003) of 0Á705024 6 0Á000010 (2SD). Three total procedure blanks contained 22, 33 and 7 pg of Sr, which represent respectively 0Á22, 0Á33 and 0Á07% of the smallest Sr sample analysed (10 ng) and are therefore negligible.
Zircon d

O
Oxygen isotope ratios in SVC zircons were analysed using the CAMECA ims 1270 high-resolution ion microprobe at UCLA, using multi-collection analysis as described by Trail et al. (2007) . Surfaces of previously dated crystals were abraded to a depth of $15-20 mm to remove all traces of the craters from the geochronological analyses. Trail et al., 2007) was analysed multiple times (n ¼ 80) at the beginning, during and at the end of each analytical sessions to determine instrumental mass fractionation. The accuracy of the measurements was confirmed by replicate analysis of the in-house zircon standard 91500 d
PETROGRAPHY
Representative modal analyses for each lava group are illustrated in Fig. 3 .
Pre-SVC
Pre-SVC1 basalts (Fig. 4a ) are porphyritic to glomeroporphyritic (30-35% phenocrysts). Their phenocryst assemblage is dominated by plagioclase (89-90%), resorbed olivine (5-8%) and clinopyroxene (2-4%), with minor orthopyroxene (1%) and microphenocrysts of ilmenite (1%). Plagioclase occurs as subhedral laths or as anhedral grains in aggregates. They are weakly zoned and contain angular melt inclusions. Clinopyroxene is subhedral and contains rounded oxide inclusions. Olivine is pseudomorphosed by serpentine and low-grade amphibole. The groundmass is Fig. 3 . Representative modal proportions of phenocrysts in St Lucia lavas. Plag, plagioclase; Cpx, clinopyroxene; Opx, orthopyroxene; Res. opx, resorbed orthopyroxene; Res. ol, resorbed olivine; Fe-Ti ox, iron-titanium oxide; Bi, biotite; Res. bi, resorbed biotite; Qtz, quartz; Ca-amph, Ca-amphibole; Mg-Fe-Mn amph, Mg-Fe-Mn amphibole (cummingtonite and grunerite); Indif. res., undifferentiated resorbed phase.
composed of plagioclase, clinopyroxene, ilmenite and orthopyroxene.
Pre-SVC1 basaltic andesite textures vary from almost aphyric, trachytic or porphyritic to glomeroporphyritic, whereas Pre-SVC2 basaltic andesites (Fig. 4b) are porphyritic to glomeroporphyritic. In Pre-SVC1 and 2 lavas with porphyritic to glomeroporphyritic textures, plagioclase is always the dominant phase (59-89%) followed by clinopyroxene (10-20%) and orthopyroxene (6-20%; Fig. 3 ). Rare replaced olivine can be observed (1-2%). Plagioclase is zoned and inclusion-rich. Pyroxene is subhedral to euhedral. In some samples, clinopyroxene forms a corona around orthopyroxene or just a thin overgrowth 40) . The groundmass comprises glass, plagioclase, clinopyroxene, orthopyroxene and ilmenite. In lavas with a trachytic texture, clinopyroxene dominates the assemblage (69%) and plagioclase constitutes only 30% along with 1% of pseudomorphosed olivine.
Pre-SVC1, 2 andesites are all porphyritic (35-40% phenocrysts). Plagioclase (70-78%) is the most abundant phase. Orthopyroxene (12-15%) occurs along with clinopyroxene (8-15%) or alone, in which case it is more abundant (27%). Ilmenite microphenocrysts occur as a minor phase (2-3%). Pre-SVC2 basaltic andesite; (c) SVC1 dacite; (d) orthopyroxene-bearing SVC2 and 3 dacite also displaying Ca-amphibole microphenocrysts and resorbed biotite; (e) Mg-Fe-Mn amphibole-bearing SVC2 and 3 dacite; (f) large biotite crystal in Mg-Fe-Mn amphibole-bearing SVC2 and 3 dacite. Res Ol, resorbed olivine; Cpx, clinopyroxene; Plag, plagioclase; Opx, orthopyroxene; Qz, quartz; Bi, biotite; Caamph, Ca-amphibole; Mg-Fe-Mn amph, magnesium-iron-manganese amphibole.
Pre-SVC1 rhyolite is almost aphyric with only 4% phenocrysts. The main phases are plagioclase (70%), orthopyroxene (15%) and clinopyroxene (15%). Ophitic textures can be observed. Plagioclase often forms in aggregate with pyroxene. The groundmass is composed of plagioclase, clinopyroxene and ilmenite. SVC SVC1 ($640-250 ka; Fig. 5 ) andesite and dacite lavas and pumices (Figs. 1 and 2a) are porphyritic (15-45% phenocrysts; Fig. 4c ). The main phenocryst phases in the andesites are plagioclase (79-82%) and orthopyroxene (15%). Andesites also contain 1-3% phenocrysts of quartz and 1% of micro-phenocrysts of clinopyroxene. The dacites have lesser amounts of plagioclase (45-60%) and higher quartz modal abundances (19-40%) than the andesites, but a similar amount of orthopyroxene. In both andesites and dacites, quartz is zoned (as observed by cathodoluminescence) and displays corroded gulfs and melt inclusions. Orthopyroxene is idiomorphic to sub-idiomorphic and contains ilmenite inclusions that are usually parallel to the growth pattern. Plagioclase is rich in melt inclusions. Andesite and dacite groundmasses comprise mainly plagioclase and variable amounts of pyroxene, ilmenite and quartz.
SVC2 ($100-50 ka; Fig. 5 ) dacites (Fig. 2a) are also porphyritic (20-45% phenocrysts). In all volcanic products, except the youngest (La Pointe pyroclastic flow), the main phenocryst phases are inclusion-bearing (mainly glass) plagioclase (37-67%), euhedral or rounded quartz (15-48%) and rounded to subhedral inclusion-bearing orthopyroxene (10-20%) (Fig. 4d) . In samples from Gros Piton, orthopyroxene in equilibrium (0-2%) is rare and typically has a resorbed texture (10%). Euhedral microphenocrysts of calcic (Ca-) amphibole are present in all samples, except the La Pointe pyroclastic flow. They occur in variable proportions (2-10%) and are rimmed by oxides. Rare microphenocrysts of clinopyroxene can also be found in Ca-amphibole-bearing samples. The highest proportion of Ca-amphibole is found in the Gros Piton lavas. All samples display minor amounts of brown biotite (2-7%). Biotite typically contains inclusions of glass, ilmenite, zircon and plagioclase and is rimmed by oxides. Sometimes, biotite is totally replaced by black oxides. The groundmass comprises variable amounts of plagioclase, orthopyroxene, Ca-amphibole, ilmenite, quartz and biotite. The La Pointe pyroclastic flow (SL-JL-33), which is the youngest volcanic product of group 2 (59Á8 ka; Fig. 5 ), has a different phenocryst assemblage compared with the rest of the group 2 volcanic rocks, with 63% plagioclase, 35% quartz, 15% monoclinic amphibole from the magnesium-iron-manganese subgroup (Mg-Fe-Mn amphibole) and 5% biotite. Both brown biotite and brown Mg-Fe-Mn amphibole occur as large phenocrysts that appear to be in equilibrium and contain ilmenite inclusions ( Fig. 4e and f ). Plagioclase and quartz are both zoned. The groundmass assemblage is similar to the phenocryst assemblage.
SVC3 ($20 ka-present) dacites are porphyritic (20-40% phenocrysts) and characterized by larger quartz phenocrysts than found in the group 2 samples and higher abundances of brown biotite. Once again, the older products (20Á7-15Á3 ka; Schmitt et al. (2010) and Lindsay et al. (2013) and the three corresponding eruption periods are highlighted in grey. Opx, lava with only orthopyroxene (SVC1); Opx þ Bi, lava with both orthopyroxene and biotite; Opx þ Bi þ Ca-amph, lava with orthopyroxene, biotite and Caamphibole; Mg-Fe-Mn amph þ Bi, lava with Mg-Fe-Mn amphibole and biotite. The youngest lavas of both eruption periods 2 and 3 contain Mg-Fe-Mn amphibole (cummingtonite in SVC2 and 3 and grunerite in SVC3).
plagioclase is still the main phenocryst phase (43-70%) followed by quartz (15-40%) and biotite (1-7%). In orthopyroxene-bearing dacites, microphenocrysts of Ca-amphibole can be observed (1%; Terre Blanche dacite). In such cases, orthopyroxene occasionally displays resorbed textures with a rim of Ca-amphibole; biotite is present in small amounts and is mainly resorbed. When microphenocrysts of Ca-amphibole are absent, both orthopyroxene and Mg-Fe-Mn amphibolebearing volcanic rocks have high percentages of biotite with textures similar to group 2 (5-10%; Belfond dacite dome and pyroclastic flow). The groundmass comprises variable amounts of plagioclase, orthopyroxene or Mg-Fe-Mn amphibole, biotite, quartz and ilmenite.
MINERAL AND GROUNDMASS MAJOR ELEMENTS DATA
Representative major element compositions for plagioclase, clinopyroxene, orthopyroxene, amphibole and biotite are included in Supplementary Data Appendices 2a, b, c, d and e, respectively. Groundmass major element compositions are given in Appendix 2f. Mineral chemistry results for SVC2 and SVC3 rocks are presented together owing to their similarity.
Plagioclase
We concentrated on phenocrysts with diameter >400 mm and performed SEM imaging and major element profiles across crystals with a step distance of $25 mm. In the Pre-SVC1 group, we focused on SL-83-44 (basalt), SL-83-25 (basaltic andesite) and SL-83-45 (rhyolite). SL-83-44 and SL-83-25 represent lavas with the most and the least 'continental' isotopic signature, respectively, out of the Pre-SVC1 samples; are the least and the most differentiated sample of the group, respectively. In the Pre-SVC2 group the most mafic sample (SL-83-26; basaltic andesite) was analysed. In the SVC, two SVC1 andesites (SL-JL-02 and SL-83-17) and a dacite (SL-JL-23) were selected and in the SVC2 and 3 groups both orthopyroxene-and MgFe-Mn amphibole-bearing samples were analysed: SL-JL-83 (SVC2; orthopyroxene-bearing dacite); SL-83-03 (SVC2, 3; orthopyroxene-bearing dacite); SL-83-08 (SVC3; Mg-Fe-Mn amphibole-bearing dacite) and SL-JL-51 (SVC3; Mg-Fe-Mn amphibole-bearing dacite). A summary of all the plagioclase textures and compositions described below is presented in Fig. 6 .
Pre-SVC1
In the Pre-SVC1 basalt, plagioclase is idiomorphic to sub-idiomorphic with a mean anorthite content of An 88 (1SD ¼ 6; n ¼ 89). Phenocrysts typically contain an anorthite-rich core (An $90 ) and are zoned. A few crystals are inclusion-poor and normally zoned, but most crystals have one or two melt inclusion-bearing zones in their core or in the mantle, which displays a heterogeneous texture involving lower anorthite (An 85 ) and high anorthite (An 90 ) plagioclase, as illustrated in Fig. 6a . Such zones are preceded by a decrease in anorthite leading to an $10 mm large inclusion-free An $86 zone. The outermost rim always displays a low anorthite content of An $65 , similar to the plagioclase in the groundmass. Pre-SVC1 basaltic andesites contain plagioclase with a mean anorthite content of An 74 (1SD ¼ 8; n ¼ 40). With a few exceptions, the crystals are generally inclusion-free. They display a general decrease in anorthite from core (An $80 ) to rim (An $58 ), punctuated by reverse zoning in the mantle of most crystals with corresponding fluctuations in anorthite of around An 10 (Fig. 6a) . Plagioclases in the Pre-SVC1 rhyolite are inclusion-poor and weakly zoned. Anorthite content variations are not significant and range between An 31 and An 40 . The crystals display either normal or reverse zoning; weak oscillatory zoning can also be observed.
Pre-SVC2
Pre-SVC2 basaltic andesite plagioclases have a similar mean anorthite content to the Pre-SVC1 basaltic andesites (An 79 ; 1SD ¼ 9; n ¼ 118). However, the crystals are more inclusion-rich and display more prominent disequilibrium textures compared with Pre-SVC1 rocks. They can be grouped into four representative types in terms of texture and major element composition, illustrated in Fig. 6b . Type 1 is dominant in all samples. It consists of a melt inclusion and anorthite-rich core (An $85 ) resorbed and replaced by more sodic plagioclase, producing a 'sieve' texture (Fig. 7a) . The mantle and rim are more sodic (An $70 ) than the average core and have a fine wavy oscillatory texture. The wavy oscillatory texture is characterized by the crystallization and resorption of micrometer-scale anorthite-rich plagioclase subzones (e.g. (Fig. 7b) . A variation in Type 1 crystal textures is the presence of an inclusion-free core (An $80 ) enclosed by sieve-textured plagioclase. Type 2 (Fig. 6b ) crystals have an anorthite-rich (An $90 ) and inclusion-poor core, surrounded by a more sodic mantle and rim dominated by inclusion-free zones with wavy oscillatory texture, but also have inclusion-rich zones. The inclusion-rich zones crystallized outside a major dissolution surface and are either homogeneous and anorthite-rich (An $80 ) or display a 'flame texture' consisting in an intimate intergrowth of anorthite-rich into more sodic plagioclase (e.g. Fig. 7c ). The flametextured plagioclase is typically mantled by a more homogeneous anorthite-rich zone. Type 3 (Fig. 6b ) is similar to Type 2 but differs in the presence of small inclusions in the anorthite-rich core (An $82 ). Finally, Type 4 crystals contain small rounded unorganized melt inclusions, are very homogeneous and have consistently high anorthite contents (An $95 ) from core to rim. SVC SVC1. Plagioclases in SVC1 have the highest anorthite content of all the SVC crystals with a mean of An 68 in both andesites (1SD ¼ 10; n ¼ 208) and low-silica dacites (Fig. 7c) . Channel-rich zones also contain a high proportion of inclusions. The mantles display wavy oscillatory zoning (Fig. 7b) , which can comprise small anorthite-rich resorbed zones with a sieve texture. Finally, Type 6 (Fig.  6b) is an inclusion-poor crystal with a low anorthite content (mean An $55 ). The core is sodic and homogeneous (An $50 ) and is surrounded by a mantle-rim with wavy oscillatory zoning ). SVC2 and 3. In SVC group 2 and 3, the orthopyroxene-bearing dacites contain plagioclase with textures of only Types 5 and 6 and have an average anorthite content of An 59 (1SD ¼ 10; n ¼ 166; SL-83-03 and SL-JL-83). Plagioclase grains in Mg-Fe-Mn amphibole-bearing samples (SL-83-08 and SL-JL-51) have textures of Types 2, 5 and 6 and display a slightly lower anorthite content with a mean of An 56 (1SD ¼ 8; n ¼ 264). 
Groundmass of SVC rocks
Amphibole
Amphibole is restricted to SVC2 and three rocks in which both Ca-and Mg-Fe-Mn amphiboles are observed. Ca-amphiboles occur as microphenocrysts (Fig. 7d) in the orthopyroxene-bearing samples, whereas Mg-Fe-Mn amphibole phenocrysts (Fig. 7e ) occur in assemblages where orthopyroxene is absent.
According to the Hawthorne et al. (2012) classification, Ca-amphibole is ferri-sadanagaite, ferro-ferri-hornblende, magnesio-ferri-hornblende and hastingsite. Two compositional groups exist. The first group consists of ferrisadanagaite (Hawthorne et al., 2012) . The second group consists of ferroferri-hornblende, magnesio-ferri-hornblende and hastingsite, which display low Al T (1Á65-1Á86) and Ti (0Á15-0Á17 a.p.f.u.) with high Si/Al (3Á3-5Á4) and low Mg# of 41-64 and 41-68, respectively. In both groups, amphibole type can vary from dark brown to light brown or greenish brown and can be zoned (Fig. 7d) .
The Mg-Fe-Mn amphibole is cummingtonite (SVC2 and 3) and grunerite (SVC3) with Mg# 46-55. It has Ti and Al tot between 0Á03 and 0Á06 a.p.f.u. and between 0Á34 and 0Á60 a.p.f.u., respectively.
Biotite
Biotite is found only in SVC2 and 3 dacites. Its Mg# varies between 37 and 44.
Groundmass
Pre-SVC1 basalts have a basaltic andesite groundmass (SiO 2 ¼ 55Á2 wt %), whereas Pre-SVC1 basaltic andesite have an andesitic groundmass (SiO 2 ¼ 60Á7 wt %). Pre-SVC1 rhyolites have a rhyolitic groundmass (SiO 2 ¼ 74Á3 wt %) very close to the whole-rock composition (SiO 2 ¼ 72Á2 wt %), consistent with a low abundance of phenocrysts. In Pre-SVC2, the basaltic andesite has an andesitic groundmass. The difference in silica content (5Á4 wt %) between whole-rock and groundmass is more significant for Pre-SVC2 than for Pre-SVC1 basaltic andesite (4Á3 wt %), which could be explained by the lower percentage of phenocrysts in Pre-SVC1 basaltic andesites.
In the SVC, both andesites and dacites have a rhyolitic groundmass (SiO 2 ¼ 73Á5-77Á9 wt %), except for one dacite with a silica-rich dacitic groundmass (SL-83-03; SiO 2 ¼ 71 wt %), which displays the smallest difference between whole-rock and groundmass SiO 2 content of the SVC (þ6Á6 wt %). SL-83-03 also corresponds to the sample with the least 'continental' isotopic composition amongst the SVC. Interestingly, the two SVC andesites (SVC1) have a groundmass that is compositionally similar to those of the dacites (SiO 2 ¼ 73Á5 and 77Á9 wt %). They show the largest difference between whole-rock and groundmass SiO 2 (13 wt % and 14 wt %, respectively).
MINERAL AND GROUNDMASS TRACE ELEMENT DATA
All the phenocryst and groundmass trace element concentrations are given in Supplementary Data Appendices 3a-c).
Plagioclase
Only Ba, Sr and REE analyses are discussed here and plotted in Fig 
Pre-SVC1
In Pre-SVC1 basalt (SL-83-44), plagioclase Sr and Ba abundances are very low (Sr ¼ 243-303 ppm; Ba ¼ 7-18 ppm; Fig. 8a and b) . So are the REE concentrations; the HREE of most analyses are below the detection limit. The LREE-MREE pattern is relatively flat (La/ Sm ¼ 2Á4-5Á1; Fig. 8c ). In the rhyolite (SL-83-45), plagioclase displays much higher Sr and Ba concentrations and higher La/Sm ratios than in the Pre-SVC1 basalt (Sr ¼ 422-457 ppm; Ba ¼ 106-151 ppm; La/Sm ¼ 5Á5-13Á1; Fig. 8a -c).
Pre-SVC2
In Pre-SVC2 basaltic andesite C for plagioclase from mafic rocks and 800 C for plagioclase from intermediate and felsic lavas. The La/Sm ratio in melts in equilibrium with plagioclase was calculated using the partition coefficients listed in Table 2 . For all data, the error is the same size as or smaller than the symbol. Opx-SVC2, 3 lavas, orthopyroxene-bearing SVC2 and 3 lavas. Mg-Fe-Mn amph-SVC2, 3 lavas, Mg-Fe-Mn amphibole-bearing SVC2 and 3 lavas. CA, crustal assimilation. and b), whereas La/Sm ratios (5Á7-16Á1; Fig. 8c ) overlap those from the Pre-SVC1 rhyolites.
SVC
Both SVC1 andesite and dacite plagioclases have similar trace element compositions with Sr, Ba and La/Sm in the range of 611-777 ppm, 31-226 ppm and 13-26, respectively ( Fig. 8a-c) . Most La/Sm ratios and Ba concentrations are higher than for Pre-SVC1 and 2 lavas although they overlap with their highest values. Sr content is significantly higher than that for Pre-SVC1 and 2 lavas, by up to 200 ppm. 
Orthopyroxene
The trace element composition of the core, the mantle and the rim of a representative zoned SVC hypersthene crystal were analysed (Fig. 10a) . All analyses have a clear negative europium anomaly {Eu/Eu* ¼ Eu CN / [(Sm CN 0Á5 )(Gd CN 0Á5 )]}. The variation in amplitude of the anomaly correlates with the enstatite variations of the crystals: both Eu/Eu* and enstatite content increase from the core (Eu/Eu* ¼ 0Á06; En 50-53 ) to the mantle (Eu/ Eu* ¼ 0Á22; En 52-57 ), and subsequently decrease toward the rim (Eu/Eu* ¼ 0Á12; En 47-52 ). Intra-crystal variations in LREE/HREE or MREE/HREE ratios are also correlated with the enstatite content. The core exhibits the highest La/Yb (1Á29) and Dy/Yb (0Á71) of the crystal. The mantle Sr/ 86 Sr ratios and calculated melt Ba and Sr concentrations for (a-c) Pre-SVC1, (d-f) Pre-SVC2, (g-i) SVC1, (j, k) orthopyroxene-bearing SVC2 and 3, and (ln) Mg-Fe-Mn amphibole-bearing SVC2 and 3 lavas. The location of the analysis profile in the crystal is indicated on each SEM image by a red line corresponding to the anorthite content profile or a red circle corresponding to the laser spot ablated for trace elements. The number next to each circle corresponds to the analysis number in Table 1 and in Supplementary Data Appendix 3. Symbols for the profiles of anorthite content are the same as in Fig. 10 Bezard et al. (2014) and represented by a dashed red line.
(higher enstatite content) is characterized by a significant decrease in LREE and MREE contents (La/ Yb ¼ 0Á05; Dy/Yb ¼ 0Á48) compared with the core. The rim (lowest enstatite content) has a higher La/Yb ratio than the mantle (La/Yb ¼ 0Á43) and higher Dy/Yb ratio, similar to the core (Dy/Yb ¼ 0Á75). The mantle is also depleted in Ba and Sr (Ba ¼ 0Á09 ppm; Sr ¼ 0Á16 ppm) compared with the core and the rim (core: Ba ¼ 0Á18 and Sr ¼ 1Á11 ppm; rim: Ba ¼ 0Á16 and Sr ¼ 1Á32 ppm).
Clinopyroxene
The trace element compositions of the core and the rim of a clinopyroxene crystal (Fig. 10b ) from the most mafic sample of Pre-SVC1 (SL-83-44) and of one of the rare clinopyroxene microphenocrysts (Fig. 10c ) in the SVC2 dacite (SL-JL-83) were analysed. In both instances, europium anomalies are lacking. In the crystal from pre-SVC basalt, the bulk core and the bulk rim analysed have similar enstatite contents. The core has similar but slightly higher La/Yb and Dy/Yb ratios (crystal cores are 0Á20 and 1Á94, respectively) than the rim (La/ Yb and Dy/Yb of 0Á16 and 1Á68, respectively). The Ba and Sr content are also slightly higher in the core (0Á11 and 12Á2 ppm respectively) than in the rim (0Á05 and 10Á5 ppm, respectively). In contrast, in the SVC dacite, the clinopyroxene has lower La/Yb and Dy/Yb ratios in the core (0Á24 and 2Á04 respectively) than in the rim (0Á43 and 2Á34 respectively), correlating with a decrease in the enstatite content from Ens 46-48 in the core to Ens [43] [44] [45] [46] in the rim. The Ba and Sr contents appear similar in the core (0Á08 ppm and 19Á7 ppm respectively) and in the rim (less than 0Á05 ppm and 19 ppm respectively).
Amphibole
The trace element compositions of an SVC most calcic and aluminium-rich amphibole (the most primitive; ferri-sadanagaite) and of an Mg-Fe-Mn amphibole (cummingtonite) were investigated (Fig. 11 ). The two amphibole types have very different trace element composition. The ferri-sadanagaite (from SL-JL-83 dacite) shows relatively weak MREE enrichment compared with LREE and HREE, with La/Yb and Dy/Yb ratios of 0Á95 and 2Á06, respectively, and no europium anomaly. In contrast, cummingtonite is very depleted in LREE with La/Yb and Dy/Yb ratios of 0Á06-0Á09 and 1Á07-1Á15, respectively, but also has a negative europium anomaly (Eu/Eu* ¼ 0Á35), larger than that of orthopyroxene. The Ba and Sr concentrations are significantly higher in the magnesio-hastingsite (80 ppm Ba, 166Á8 ppm Sr) compared with the cummingtonite (0Á5-1Á13 ppm Ba; 3Á8-3Á9 ppm Sr).
Groundmass
Pre-SVC
Groundmasses from the Pre-SVC1 basalt (SL-83-44), basaltic andesite (SL-83-25) and rhyolite (SL-83-45) all have La/Sm ratios between 1Á5 and 2, which is very similar to the corresponding whole-rock ratio (1Á6-1Á9). Ba and Sr concentrations in the basalt and basaltic andesite groundmasses range between 128 and 235 ppm and between 159 and 210 ppm, respectively, which are also very similar to the whole-rock concentrations . Rhyolite Ba (164 ppm) and Sr (46 ppm) concentrations in the groundmass are much lower than their whole-rock values (Ba ¼ 324 ppm and Sr ¼ 103 ppm). The mean groundmass of Pre-SVC2 basaltic andesite has a La/Sm ratio of 3Á0 and a Ba content of 214 ppm, which is very similar to the whole-rock values (La/Sm ¼ 3; Ba ¼ 211 ppm). However, the groundmass Sr content (143 ppm) is lower than in the whole-rock (195 ppm Sr).
SVC
In the SVC1 lavas (SL-JL-23) two zones of groundmass from the same sample yielded different compositions. Both have La/Sm ratios (5Á5 and 7Á3) comparable with the whole-rock (6Á2); however, the Ba and Sr concentrations of the two zones differ greatly, with Ba contents ranging between 343 and 1108 ppm and Sr content ranging between 149 and 174 ppm. Comparison of groundmass Ba concentration with the whole-rock is therefore difficult. However, both zones analysed have a lower Sr content than the whole-rock (Sr ¼ 309 ppm).
The groundmass of orthopyroxene-bearing SVC2 lava (SL-JL-83) has a La/Sm ratio (7Á1) similar to, but slightly higher than, the whole-rock (6Á4). Groundmass Ba (367 ppm) and Sr (75 ppm) contents are higher and 
PLAGIOCLASE AND GROUNDMASS
Pre-SVC1
In Pre-SVC1 basalt (SL-83-44), the groundmass 87 Sr/ 86 Sr is 0Á70426, which is more radiogenic than the whole-rock ( 87 Sr/ 86 Sr ¼ 0Á70413) ( Fig. 12a and b) . Coreto-rim 87 Sr/ 86 Sr profiles were analysed in two representative crystals with similar zoning patterns ( Fig. 9a and  b) , but different size. The crystals both have an inclusion-free core surrounded by a mantle containing an inclusion-rich zone and a clear outer rim. Both crystals analysed have an isotopic composition very close to the whole-rock and the groundmass ratios. The larger phenocryst displays isotopic variation, with the core ( 87 Sr/ 86 Sr ¼ 0Á70427) being more radiogenic than the rest of the crystal and the groundmass (Fig. 9a) Sr ¼ 0Á70411-0Á70413; Fig. 9b ), which is similar to the whole-rock isotopic composition.
Pre-SVC2
In Pre-SVC2, the groundmass 87 Sr/ 86 Sr was analysed twice, in two different zones of the same thin section, yielding values of 0Á70637 and 0Á70638, which indicate isotopic equilibrium of the groundmass at the centimetre scale (Fig. 12a and c) Sr of 0Á70844, which is less radiogenic than the whole-rock and the groundmass but is more radiogenic than the surrounding anorthite-poor and inclusion-free zone (B) with Sr of 0Á70896, which is more radiogenic than the rest of the crystal, the groundmass and the wholerock. The surrounding zone (B) comprising resorbed low-anorthite material with oscillatory zoning, cross-cut by anorthite-rich channels, has a 87 Sr/ 88 Sr ratio of 0Á70887, which is lower than the core, but higher than the whole-rock and the groundmass composition.
SVC2 and 3. The Sr ratio of 0Á70849. It is clear that in Type 5 phenocrysts the resorbed inclusion-rich zone is less radiogenic than inclusion-poor parts of the crystal. In the Mg-Fe-Mn amphibole-bearing sample, we analysed a microphenocryst of Type 2 and phenocrysts of Types 2 and 6. The Type 2 microphenocryst (Figs 9l and 12d) is the most radiogenic crystal analysed from the SVC. Because of its small size only its high-anorthite core composition could be analysed. It has 87 Sr/ 86 Sr of 0Á70924, which is more radiogenic than the groundmass. In the Type 2 phenocryst (Figs 9m and 12d), the core (A), which is anorthite-rich and oscillatory-zoned, has a 18 O values from all ages and from both volcanic rocks (lavas and pumices) and plutonic xenoliths range between 7Á0 and 9Á4&, except for one zircon of 61 ka, which has a d 18 O of 5Á6&. The latter datum was retained in the dataset as the CL image of this zircon lacks any evidence for beam overlap onto inclusions or other analytical abnormalities. With this single exception, all other values are well above the composition of zircons in equilibrium with the mantle range of 5Á3 6 0Á3& (Valley, 2003) . The $1Á5-2& variation in d
18 O for different age and mineralogical groups ( Fig. 13a and b) is slightly greater than expected from analytical uncertainties Sr ¼ 0Á706219) 
Trace element analysis of the bulk zone microdrilled was obtained by LA-ICP-MS. When the microdrilled surface overlapped two zones with distinct trace element composition, the bulk trace element composition was calculated consequently using the composition of the two zones and the percentage of each. The trace element analysis number corresponds to the number of the data in the Supplementary Data file and in Fig. 12 . WR, whole-rock; A, B, C, D, zones from core to rim; M, groundmass. *Anorthite content of the microdrilled zone was calculated using the major element profile obtained by EMP.
alone; in general the mean isotopic composition of SVC zircons has remained remarkably constant over the last $600 kyr. 
CONSTRAINTS ON CRYSTALLIZATION CONDITIONS
Cummingtonite-orthopyroxene transition
In SVC2 and 3, the presence of cummingtonite (Mg-FeMn amphibole) in the assemblage can be used as an index of the pressure and temperature of the magma. The experimental study of Geschwind & Rutherford (1992) showed that cummingtonite is constrained to conditions of 2-3 kbar and 790 C in silicic volcanic rocks. An increase in temperature from 790 to 810 C produces the breakdown of cummingtonite and the nucleation of orthopyroxene. Therefore, SVC group 2 and 3 volcanic rocks containing cummingtonite were probably stored at temperatures <800 C and under 2-3 kbar, whereas the orthopyroxene-bearing lavas were stored at !800 C.
Ca-amphibole thermobarometry
An estimation of the temperature and pressure of crystallization of the microphenocryts of Ca-amphibole from the SVC2 and 3 lavas was performed using the equation of Ridolfi et al. (2010) . The results suggest the existence of two different depths/temperatures of crystallization. The first group corresponds to the high-Mg# amphiboles, which crystallized at 1044-1016 6 22 C and 5Á8-7Á2 6 0Á8 kbar (20-26 km depth), whereas the second group, with low Mg#, crystallized at 814-844 6 22 C and 1Á1-2Á1 6 0Á5 kbar ($4-8 km depth).
Oxygen fugacity
The oxygen fugacity in the magma in equilibrium with the high-and low-Mg# amphiboles was estimated using the method of Ridolfi et al. (2010) based on the correlation between Mg content and oxygen fugacity. Values of log (fO 2 ) for the high-Mg# amphibole range between -8Á0 to -8Á4 (NNO þ 1Á4 to NNO þ 1Á5, where NNO is nickel-nickel oxide buffer). Low-Mg# amphiboles from the SVC indicate log (fO 2 ) ranging from -11Á1 to -13Á4 (NNO þ 0 to NNO þ 1Á9). The less oxidizing conditions were obtained for the amphibole that gave the lowest pressure, which could have grown during the degassing of the sample.
Melt-H 2 O estimate
An estimation of the magma water content based on amphibole composition was determined using the formulation of Ridolfi et al. (2010) . The H 2 O content of the melt in which the high-Mg# amphiboles grew is 7Á6-8 wt % H 2 O, whereas the low-Mg# amphiboles grew in a melt with 5Á4-7Á5 wt % H 2 O.
PROCESSES CONTROLLING MINERAL MAJOR AND TRACE ELEMENT COMPOSITIONS
The major element zoning observed in plagioclase and pyroxene phenocrysts, together with the occurrence of major dissolution textures in all St Lucia volcanic rocks except the Pre-SVC1 rhyolite, attest to the complex evolution of the St Lucia magmas. Constraining the magmatic processes responsible for major and trace element compositional changes in the phenocrysts is not straightforward. Indeed, even in closed systems, several processes such as cooling, crystallization, crystal fractionation, convection of the magma and degassing will change magma composition and therefore influence crystal compositions and textures (Druitt & Bacon, 1989; Marsh, 1989; Cashman, 1992) . In open systems, additional processes need to be considered, such as magma mixing, magma mingling, thermal equilibration and crustal assimilation (Bacon, 1986; Bacon et al., 1989 ).
An approach combining plagioclase phenocryst textures with major and trace element compositions affords a potential means to discriminate between these processes (e.g. Blundy & Shimizu, 1991; Berlo et al., 2007; Ginibre & Davidson, 2014) . Plagioclase offers the best opportunity to constrain magmatic processes for the following reasons: (1) it is present in all St Lucia volcanic rocks; (2) it is stable in a large range of magma compositions, water contents, pressures and temperatures, preserving a full record of magma differentiation; (3) its slow Si-Al interdiffusion allows conservation of primary textures and compositions (Grove et al., 1984) . The major element composition and texture of plagioclase is controlled by intensive and kinetic parameters such as pressure (Nelson & Montana, 1992) , temperature, growth rate (Lofgren, 1980) , magma composition and H 2 O content (Lofgren, 1980; Nelson & Montana, 1992; Nakamura & Shimakita, 1998; Hammer & Rutherford, 2002) . In the following sections, we calculate trace element composition for melts in equilibrium with the different plagioclase zones and attempt to discriminate between plagioclase compositional changes related to variations in intensive parameters and those owing to variations in magma composition during the growth of the phenocrysts. This allows us to assess the origin of the changes in magma composition occurring before and during phenocryst fractionation, and their relationship with the factors of development and sustainability of the silicic complex. The compositions of the melt in equilibrium with the Ca-amphibole microphenocrysts and pyroxenes were also calculated to constrain the depth of such changes and the crystal growth conditions.
Ba and Sr concentrations in melt coexisting with plagioclase
As in every mineral, trace element concentrations in plagioclase are controlled by the partition coefficients between crystal and melt, intracrystal diffusion and kinetic processes. Therefore, to determine the coexisting melt composition during crystal growth, the effect of the partition coefficients needs to be removed, and diffusion and kinetic processes need to be taken into account. We focused on Ba and Sr as they are the most abundant trace elements in plagioclase and their partitioning between plagioclase and melt is better understood than that for any other trace element.
We used the equations from Blundy & Wood (1991) (RT ln D Sr ¼ 26800 -26700X An ; RT ln D Ba ¼ 10200 -38200X An ) that were derived from experimental and natural samples to estimate Sr and Ba partition coefficients in plagioclase based on their dependence on the temperature and the anorthite content. As shown in Fig.  14a , for all St Lucia lavas, the calculated melt Ba and Sr concentrations show only limited differences from the whole-rock compositions and not systematically higher or lower than the whole-rock compositions. This provides confidence in the suitability of the Blundy & Wood (1991) regressions for our set of samples. We used temperatures derived from the geothermometry in the above section: 1000 C for the Pre-SVC basalt and basaltic andesite and 800 C for Pre-SVC rhyolite and both orthopyroxene and Mg-Fe-Mn amphibole-bearing SVC lavas. Temperature variations might have existed during the growth of the crystals and the use of a unique temperature for all crystal zones could induce some artificial variations in the calculated melt concentrations. However, this was carefully monitored for both Pre-SVC and SVC plagioclase; the changes in Ba and Sr observed at all major crystal dissolution surfaces are too large to be explained by a reasonable temperature fluctuation alone (they would require temperature fluctuations larger than 300 C). Diffusion can modify the primitive trace element concentration in the crystals, and therefore the calculated melt concentrations. However, in both the core and mantle of Pre-SVC and SVC crystals, large changes in Sr and Ba are preserved across major dissolution surfaces not larger than 50-150 mm. Such observation indicates that complete diffusive equilibration did not occur at these length scales, and that diffusion did not affect significantly the core-mantle heterogeneities of the crystals, over which Sr and Ba profiles may have been only slightly smoothed.
The effect of kinetic processes on trace element concentrations during crystal growth can be differentiated from melt compositional variations by monitoring the relative behaviour of compatible versus incompatible elements in plagioclase (Singer et al., 1995; Ginibre et al., 2002) . These were monitored in all crystals investigated and, except for a few cases, kinetic processes cannot be responsible for the changes in Ba and Sr observed across dissolution surfaces. For instance, in most cases, the decrease of Sr (compatible) was not associated with an increase of incompatible elements such as Mg. In cases where a decrease of Sr was associated with an increase of incompatible elements such as Ba and Mg, these compositional changes remained constant through the subsequent zones with variable textures, comprising for instance inclusion-free uniform zones as well as zones with inclusion-free oscillatory zoning (e.g. Fig. 9e ), invoking a change in magma composition rather than kinetic factors.
The calculated Ba and Sr melt concentrations are plotted against the anorthite content in Fig. 8d and e and against each other in Fig. 14a . Melt Ba and Sr compositions in profiles of representative crystals from each group of St Lucia lavas are presented in Fig. 9 , in which they are compared with major elements, 87 Sr/ 86 Sr and the measured Ba and Sr concentrations of the crystals. The main observations are discussed below and are summarized in Fig. 6 . A more detailed discussion of the suitability of the Blundy & Wood (1991) regression, the crystal chemical control, the effects of diffusion and kinetic processes as well as the discussion of the melt Ba and Sr data for each crystal is presented in Supplementary Data Appendix 5.
Changes of melt composition during crystal growth
Pre-SVC1. In the basalt analysed, the core of zoned crystals grew in a melt with higher Sr but similar Ba concentrations compared with the mantle-rim (Figs 9a, b and  14a ). Melt-Sr content globally decreases from core to rim, with the lowest calculated value recorded in the zones with the lowest anorthite contents (Fig. 8d) . The absence of Ba increase recorded in the melts from which the core crystallized, compared with the mantlerim in the plagioclase crystals, indicates that pyroxene or amphibole crystallization was insignificant during crystallization of the plagioclase (see Fig. 14a ). Additionally, this also precludes the crystallization of anorthite-rich plagioclase that would slightly increase the Ba concentration of the melt. Instead, the difference in composition between the calculated melts from the cores and mantle-rims are consistent with magma differentiation, where sodic plagioclase dominates the fractionating assemblage. Using the core in equilibrium with the most Sr-rich calculated melt as a starting composition, and partition coefficients calculated using the Blundy & Wood (1991) equation, the crystallization of around 12% of An 20 plagioclase could explain the lowest Sr values observed in the mantle-rims. In detail, the core-to-rim decrease in melt-Sr is discontinuous, with the inclusion-rich and most sodic zones of the mantle yielding the lowest melt-Sr ( Fig. 9a and b) . This suggests that processes other than simple progressive plagioclase fractionation occurred during crystal growth. We propose that this reverse zoning associated with Sr-melt fluctuations could be related to the crystal transport into a slightly more differentiated zone of the magma by magma mixing.
In the Pre-SVC1 rhyolite, where no major dissolution surfaces can be observed in plagioclase, variations in anorthite and melt Sr and Ba content are limited (Figs 9c and 14a). Whether located in the core or in the rim, the more anorthite-rich zones of the crystals grew in melts with slightly higher Sr concentrations than the zones with lower anorthite content. Ba varies independently from anorthite content or Sr concentration and displays a clear decrease from the core to the rim of the crystal (Fig. 9c) . Such a decrease is also observed versus K content and could therefore indicate the beginning of fractionation of very small amounts of a K-rich phase such as biotite or potassic feldspar between the growth of the core and the rim of the crystals, although these phases are not present in the phenocryst assemblage. The absence of resorption textures and the very limited difference in composition between the zones of Thin arrows show the change in composition of the melt after fractionation of plagioclase crystals of different anorthite content (An) and clinopyroxene (Cpx), orthopyroxene (Opx) and hornblende (Hbl) from the most primitive plagioclase melt of Pre-SVC1 lavas. The percentage of a single phase fractionated is indicated under the name of the phase. A' and B' correspond to the residual melt after fractionation of the assemblage necessary to produce the whole-rock major element composition of SVC1 andesites from Pre-SVC1 basalt according to least-squares models (Bezard et al., 2015) as indicated below the legend (see text for details). A and B differ from A' and B' only by the anorthite content of plagioclase fractionated. D refers to the residual melt required to produce Pre-SVC2 basalt from the Pre-SVC1 most primitive melt. Arrow 1 indicates the compositional evolution of the recharging magma during fractionation of anorthiterich plagioclase before or during its arrival at the shallow magma chamber. Arrow 2 indicates the direction of a mixing line between the recharging melt after fractionation of anorthiterich plagioclase and the more differentiated magma (low Ba and Sr concentrations) of the shallow chamber. Plagioclase partition coefficients were calculated using equations from Blundy & Wood (1991) . Partition coefficients for other minerals are given in Table 2. the crystals argue for their growth during limited movements in parts of a magma chamber displaying only slight variations in degree of differentiation. Trace element modelling indicates that Pre-SVC1 rhyolite plagioclase-melt compositions may result from 60% fractionation of An 70 with the most primitive Pre-SVC1 basalt melt as a parent (Fig. 14a) .
Pre-SVC2. With the exception of that calculated for the Type 4 crystal, all Pre-SVC2 calculated melt compositions show a similar range of Sr concentration to those of Pre-SVC1, but higher Ba concentrations (Figs 8d, e and 14a). As in the Pre-SVC1 volcanic rocks, the plagioclase zones with the highest anorthite contents grew in melts characterized by the highest Sr concentrations (Fig. 8d) . Except for Type 4 phenocrysts, these compositions exclusively occur in crystal cores (Types 1, 2 and probably Type 3 crystals) and are separated from the mantle-rims by important resorption surfaces. Hence, lower anorthite and Sr contents compared with the cores are ubiquitous for mantle and rims. Together, these observations suggest that the Pre-SVC2 crystals started to crystallize in a primitive magma with a high Sr content and were subsequently and suddenly exposed to a magma with a contrasting, more differentiated composition, probably during a recharge event. Because the calculated Sr and Ba melt concentrations of Types 1 and 2 anorthite-rich crystal cores are similar ( Fig. 9d and e) , they probably grew in the same magma and their contrasting textures must result from a difference in physical parameters during resorption. For instance, the pervasively resorbed and channelled core of Type 1 crystals could result from a greater temperature change during their arrival in the recharged chamber compared with the cores of Type 2 crystals. Because the largest temperature contrasts between recharging and recharged magmas would occur at the beginning of a recharge event, it is possible that Type 1 crystal cores could have been transported to the recharged chamber earlier than Type 2 cores. In the mantle-rim of all Pre-SVC2 crystals (except for Type 4), zones with moderate anorthite contents occurring after or just before major dissolution surfaces grew in melts with higher Sr concentrations than the most sodic zones (e.g. Fig. 9e ). This is consistent with the growth of these zones during or after magma mixing between the recharging and recharged melts; that is, during or after a recharge event. Based on the number of major dissolution surfaces in the same mantle, at least two recharge pulses occurred after core resorption. The oscillatory texture, observed between major resorption surfaces, suggests chamber-wide magma convection after each recharge pulse (Ginibre et al., 2002) . The unzoned and sub-euhedral Type 4 crystal grew in a melt with lower Ba content than the rest of Pre-SVC2 crystals. In fact, the Ba and Sr concentrations of that melt are very similar to those in the melts corresponding to Pre-SVC1 plagioclase cores. This observation, together with the absence of a rim in major element equilibrium with the groundmass (Fig. 9f) , suggests that Type 4 crystals crystallized in a different magma and were incorporated as antecrysts into the Pre-SVC2 magmas during ascent or emplacement.
SVC. All calculated melt Ba and Sr concentrations analysed are different from those of Pre-SVC2 and 3 (Fig. 14a ) and are systematically higher at similar anorthite contents (Fig. 8d and e) . Large variations in Sr and Ba contents are observed amongst the SVC melts. Sr melt concentrations systematically decrease with the anorthite content of the crystal zones (Fig. 8d) whereas Ba concentrations first increase (between An 70 and An 95 ) and subsequently decrease (below An 70 ). As in Pre-SVC1 and 2, the anorthite and melt Sr contents are the most elevated in the cores of Types 1 and 2 crystals. The lowest anorthite and Sr contents are found in the mantle-rims of all crystal types and in the cores of Types 5 and 6 crystals. Intermediate anorthite and Sr contents occur in the mantle of all crystal types, after resorption surfaces.
As the Sr and Ba concentrations of the sodic zones found in the mantle-rims of Types 1 and 2 crystals overlap those recorded by the sodic cores of Types 5 and 6 crystals, they probably grew in a similar magma. This magma had a contrasting Sr composition to that in which the cores of Types 1 and 2 crystals grew. This observation, together with the important resorption surfaces found at core-mantle boundaries of all crystals, suggests that the cores of Types 1 and 2 crystals were brought to the magma in which Types 5 and 6 crystals crystallized, probably during a recharge event. A recharge event would be consistent with the resorption of Type 1, 2 and 3 cores as well as the resorption of Types 5 and 6 crystal cores due to the resulting change in magma composition and in physical conditions. It would also explain the oscillatory textures observed in the mantle of all crystals (except Type 4; which was not analysed), as vigorous and chamber wide convection (Ginibre et al., 2002) is expected during and after recharge. The occurrence of major resorption textures in the crystal mantles, and the subsequent growth of anorthite-rich zones with higher Sr concentration (than before resorption), is consistent with the crystals' interactions with new pulses of recharge. The presence of Type 2 microphenocysts with very thin rims (<100 mm) in equilibrium with the groundmass suggests that the recharge of the chamber was still occurring just before the eruption.
The melt Ba and Sr concentrations recorded by Type 1 and 2 cores are strikingly similar in crystals from all eruptive phases (SVC1, 2 and 3), which suggests that the SVC recharging magma maintained a constant trace element composition over 640 kyr. In both SVC1 and SVC2 and 3 groups, however, some variations in Ba and, to a lesser extent, in Sr contents exist amongst the melts recorded by these cores (Fig. 14a) . The melts recorded by the cores with the highest anorthite contents have the lowest Ba concentrations (circled symbols in Figs 8d, e and 14a), whereas the others have Ba contents up to$400 ppm higher. One way to produce the higher Ba concentrations associated with slightly lower Sr content is to crystallize anorthite-rich plagioclase in the recharging magma. Hence, it is suggested that the Ba and Sr variations observed amongst the Type 2 core melts simply reflect different growth timing in the recharging magma during ascent.
In the mantle-rim of all crystal types (except Type 4), the zones with moderate anorthite contents grown after major resorption surfaces indicate higher melt Sr and Ba contents compared with more sodic zones. This suggests that during the mantle growth, the crystals came in contact with more primitive melts, probably during recharge pulses (up to three). These melts have Sr concentrations intermediate between those recorded by the sodic zones and those in which Type 1 and 2 cores grew. Their Ba contents also range between these two end-members, but also plot toward higher Ba contents (Fig. 14a) . Hence, we suggest that the melt compositions recorded by the most anorthite-rich mantle-rim zones correspond to either the recharging melt (similar Ba and Sr content to Type 2 and 3 crystal cores melts), the recharging melt after fractionation of significant amount of anorthite-rich plagioclase (higher Ba but similar Sr content compared with Type 1 and 2 crystal core melts), or a recharging melt already mixed with some of the ambient magma (intermediate Ba and Sr content between Type 1 and 2 crystal core melts and the melts recorded by the most sodic zones of Types 1 and 2).
The lower Sr and Ba content of the melts in equilibrium with Type 5 and 6 cores and Type 1, 2 and 3 mantle-rims is consistent with a more differentiated magma composition in the recharged chamber compared with the recharging melt. Indeed, the fractionation of plagioclase decreases the Sr concentration of the melt and the fractionation of biotite decreases the Ba content. Because the differentiated melts in both SVC1 and orthopyroxene-bearing SVC2 and 3 have the same Ba and Sr concentrations, it is likely that the same magma chamber was used from the beginning of the SVC activity. An interesting observation is that the sodic cores of Type 5 and 6 crystals and the sodic zones in the mantle-rim of all crystals indicate lower Sr and Ba contents in Mg-Fe-Mn amphibole-bearing SVC2 and 3 lavas than in orthopyroxene-bearing SVC2, 3 and SVC1 lavas. This suggests that these crystals resided in a more differentiated magma. More differentiated magmas tend to be cooler, which is consistent with the crystallization of Mg-Fe-Mn amphibole. As Mg-Fe-Mn amphibole-bearing lavas were erupted during only SVC2 and 3, this suggests that the magma chamber became progressively more differentiated through the SVC existence. Compared with orthopyroxene-bearing SVC2 and 3 and SVC1 lavas, plagioclase grains in MgFe-Mn amphibole-bearing lavas have thinner and less abundant anorthite-rich zones, which suggests a more limited contact of the phenocrysts with the recharge magma. Such observations could be consistent with the magma being stored in a cooler part of the magma chamber, more distant from the bottom of the chamber where the recharge magma was injected.
Change in melt composition before crystal growth
It is clear that the recharge magma in the SVC and Pre-SVC2 chambers had different Ba and Sr concentrations to the most primitive Pre-SVC1 lava. This is demonstrated in Fig. 8d and e by the difference in concentration, especially for Sr, observed between the Pre-SVC1 and Pre-SVC2 melts and between Pre-SVC2 and SVC melts at similar anorthite contents. The three groups of lava composition therefore either (1) had different parental magmas, or (2) had similar parental magmas that had undergone different extents of fractionation, or (3) had similar parental magmas that had undergone different extents of crustal assimilation. The first hypothesis is considered unlikely, as it was shown by Bezard et al. (2014 Bezard et al. ( , 2015 that all St Lucia lavas differentiated from a similar magma with a composition analogous to Pre-SVC1 basalt. Therefore, the difference in Ba and Sr compositions in the lavas needs to be accounted for by either mineral fractionation only, or by the interplay of mineral fractionation and crustal assimilation. Sediment assimilation has been shown to clearly control REE and Th/Th* variations between Pre-SVC1, Pre-SVC2 and SVC lavas (Bezard et al., 2015) . Although the SVC lavas have higher Ba and Sr than the other groups, the impact of assimilation on the concentrations of these elements is not obvious using whole-rock compositions alone, as, unlike for La/Sm, Th/Th* and isotopes, no clear variation of Sr and Ba concentrations with SiO 2 could be observed between Pre-SVC1 and Pre-SVC2 and SVC lavas (Pre-SVC2 and Pre-SVC1 lavas have overlapping Ba and Sr concentrations at similar SiO 2 ). Below the potential impact of sediment assimilation on Sr and Ba is discussed, using the calculated melt compositions.
Pre-SVC2. For Pre-SVC2 lavas, the discrimination between different extents of fractionation or the involvement of crustal assimilation to explain the contrast in Ba and Sr content between their primitive magma and that of the Pre-SVC1 lavas is not possible. Indeed, the most primitive calculated melt Ba and Sr contents for Pre-SVC2 lavas could be produced from the most primitive Pre-SVC1 calculated melt either by fractionation of an assemblage of anorthite-rich plagioclase and pyroxene (as in model D: degree of fractionation f ¼ 60% with 57% An 80 plagioclase þ 23% clinopyroxene þ 20% orthopyroxene; Fig. 14a ) or assimilation of a Sr-rich wall-rock.
SVC. The most primitive calculated melt from the SVC plagioclases (the recharging magma composition) has much higher Sr and Ba concentrations than any Pre-SVC2 and 3 calculated melt (Fig. 14a) . Therefore, if the SVC primitive melt was produced by differentiation from the most primitive Pre-SVC1 melt, significant anorthite-rich plagioclase, as well as pyroxene or amphibole, would need to be fractionated to increase both the Sr and the Ba contents of the melt (Fig. 14a) . In the study by Bezard et al. (2015) , least-squares models were used to show that the whole-rock major element composition of SVC1 lavas could be derived from the Pre-SVC1 most mafic lava by 85% fractionation of an assemblage compring 50% plagioclase ($An 65 ), 23% orthopyroxene and 11Á5% clinopyroxene. To test whether fractionation of such assemblage could also explain the Ba and Sr concentrations in the primitive SVC melt, we calculated the Ba and Sr concentrations of the residual melt after fractionation of this assemblage, using partition coefficients from Blundy & Shimizu (1991) . Results show that this model does not produce a residual melt with Ba and Sr concentrations high enough to simulate the primitive SVC1 melt (A' and B' in Fig. 14a) . The Sr and Ba concentrations in the primitive SVC melt could be achieved only by fractionation involving much more calcic plagioclase (!An 90 ) (A and B in Fig. 14a ). However, fractionation of such an assemblage would produce a very differentiated residual melt composition, depleted for example in CaO. Subsequent crystallization of this residual melt would be unlikely to yield anorthite-rich plagioclase, even if the water content in the magma was high. Thus, this is inconsistent with the anorthite-rich nature of the SVC crystals that grew in the most primitive SVC melt. We therefore suggest that simple fractional crystallization of the most mafic Pre-SVC1 magma is not responsible for the parental SVC magmas, and propose instead that crustal assimilation is responsible for Sr and Ba enrichment between the Pre-SVC and SVC stages.
La/Sm variation in plagioclase coexisting melts
As mentioned in the previous section, increasing whole-rock La/Sm ratios from Pre-SVC1, Pre-SVC2 and SVC1 lavas are mostly controlled by sediment assimilation (Bezard et al., 2015) . Here, we calculated the La/Sm ratios of melts in equilibrium with Pre-SVC and SVC plagioclase (Fig. 14b) , using published partition coefficients (Table 2) , to further constrain the processes underlying this chemical trend. As La and Sm partition coefficients can be affected by melt composition, temperature and the anorthite content of the crystal, we used D La/Sm rather than absolute D La and D Sm values. In effect this cancels the effects of variable compositions and intrinsic parameters because little relative change of the La partition coefficient compared with the Sm coefficient occurs with major element variation of the magma (between basalt and rhyolite) or the crystal (between anorthite-rich and anorthite-poor crystals) [e.g. plagioclase D La/Sm from Fujimaki et al. (1984) for basaltic andesites is only $1Á6 times higher than D La/Sm from Nash & Crecraft (1985) for rhyolite]. Diffusion is unlikely to have affected La and Sm concentrations in plagioclase, as the rate of this process is slower for REE than for Sr (Cherniak, 2003) .
The calculated melt La/Sm ratios from Pre-SVC1 basalt crystals (Fig. 8f ) are all similarly low from core to rim. Pre-SVC1 rhyolite melts are not significantly higher in La/Sm (about two times) than Pre-SVC1 basalt melts, illustrating the negligible impact of magma and crystal major element variations on La/Sm. Melt La/Sm ratios calculated from Pre-SVC2 crystals (Fig. 8f) are heterogeneous and vary from Pre-SVC1 rhyolite melt compositions to higher values. In addition, SVC melts have La/ Sm ratios ranging from 5Á0 to 17Á8, similar to or higher than the highest ratios for Pre-SVC2 melts. Extreme La/ Sm compositions occur in melts from Mg-Fe-Mn amphibole-bearing SVC2 and 3 lavas. The most primitive SVC melt compositions in terms of Ba and Sr have some of the lowest La/Sm ratios amongst the SVC. When calculated melt La/Sm ratios are plotted against calculated melt Ba/Sr ratios (Fig. 14b) , the data form a hyperbolic trend in which high melt Sr/Ba ratios have low La/Sm ratios, and high melt La/Sm have low melt Sr/Ba ratios.
As for Ba and Sr concentrations, although more subtle, melt La/Sm ratios are higher in Pre-SVC2 than in Pre-SVC1 and higher in the SVC than in Pre-SVC2 at a fixed anorthite content (Fig. 8f) . This suggests that the primitive melts of each group had different La/Sm ratios. Fractionation of Pre-SVC1 primitive melt with the mineral assemblage 'A' (Fig. 14) , comprising very anorthite-rich (An 90 ) plagioclase, is necessary to produce Ba and Sr compositions similar to the SVC primitive melts. Fractionation of large amounts of hornblende and pyroxene was also modelled, as these preferentially incorporate MREE (high LREE/MREE) (Fig.  14b) . As expected, the results show that no single phase or phase assemblage could produce a residual melt with La/Sm higher than the Pre-SVC1 rhyolite. Fractionation of an accessory phase, such as apatite, could increase the La/Sm ratio. However, the effect of 1Á804 Fujimaki et al. (1984) calc., calculated using the equations of Blundy & Wood (1991) .
trace amounts of apatite crystallization, even in differentiated melts, seems very limited, as illustrated by the low La/Sm of Pre-SVC rhyolite, and should therefore not have affected the SVC melt either. Even accounting for fractionation of 1% apatite (unlikely because the P contents of most SVC plagioclase overlap those of Pre-SVC plagioclase) would increase La/Sm by only $2. Pre-SVC2 melt La/Sm ratios cannot be explained by mineral fractionation from Pre-SVC1 primitive melt either. Indeed, these melts overlap or are only slightly higher in La/Sm than Pre-SVC1 rhyolite melts, but the mafic nature of Pre-SVC2 precludes significant fractionation of accessory phases from Pre-SVC1 basalt. In addition, the fractionation of assemblage 'D' (described in Fig. 14) , modelling successfully the Ba and Sr concentrations of Pre-SVC2, does not increase the La/Sm of the melt enough to reach Pre-SVC2 core values. The above confirms the conclusions of Bezard et al. (2014) that crustal assimilation did produce an increase of La/Sm in the magmas, as the variations observed from Pre-SVC1 to Pre-SVC2 and SVC primitive melts cannot be due to fractional crystallization. However, the primitive SVC melts (recharging melt) have some of the lowest melt La/Sm ratios of the SVC whereas the highest La/Sm ratios are found in the melts with the most evolved Ba and Sr compositions (and lower plagioclase An content). This observation strongly suggests that the whole-rock La/Sm variations within the SVC lava group itself are not due to variations in the recharge magma composition through time, but are instead due to a process linked with the differentiation of the SVC magmas during plagioclase phenocryst growth.
Sr and Ba variation in amphibole and pyroxene coexisting melt
Because the increase in plagioclase-melt Ba and Sr concentrations and La/Sm ratio from Pre-SVC1 to SVC lavas seems to be caused by crustal assimilation, any mafic phases crystallizing after the crustal assimilation event should be in equilibrium with a melt of similarly high concentrations and ratios. In contrast, Ba and Sr concentrations and La/Sm ratios similar to Pre-SVC1 lavas would indicate that the phases crystallized before assimilation. To constrain the depth at which crustal assimilation could have occurred, we calculated the Ba and Sr content of the melt in equilibrium with the highMg# Ca-amphibole (using the partition coefficients given in Table 2 ) for which barometric calculation indicated crystallization in the middle to lower crust. We also calculated the melt Ba and Sr composition in equilibrium with Pre-SVC1 clinopyroxene, clinopyroxene microphenocrysts and orthopyroxene phenocrysts from the SVC, to verify that all SVC phenocrysts crystallized in the shallow chamber, like plagioclase. Unlike for plagioclase, no equation to remove the effect of the chemical control on the partition coefficient has been developed for pyroxene and amphibole, and calculated melts need to be interpreted with caution.
Pre-SVC1
In the Pre-SVC1 basalt, a clinopyroxene phenocryst core grew in a melt with $180 ppm Sr and $50 ppm Ba and the rim grew in a melt with $160 ppm Sr and $20 ppm Ba. Given the very small partition coefficients for Ba and Sr, the error on the calculated melt composition can be important. However, the melt concentrations of Sr and Ba are very different from those observed in the SVC and are instead consistent with the melt compositions calculated from Sr and Ba contents of plagioclase in the Pre-SVC1 samples.
SVC
The high-Mg# Ca-amphibole microphenocryst analysed in the orthopyroxene-bearing SVC2 and 3 dacite grew in a melt with $420 ppm of Sr and $890 ppm of Ba. Although the partition coefficients may be underestimated, this calculation indicates that the melt in which the high-pressure amphibole grew was already enriched in Ba and Sr compared with the Pre-SVC magmas. This is consistent with their growth in the SVC recharge melt and constrains the minimum depth at which crustal assimilation occurred to middle crustal levels.
In contrast, a rare zoned high-Mg# clinopyroxene microphenocryst found in SVC has a core that crystallized from a melt with $290 ppm Sr and $30 ppm Ba and a rim that crystallized in a melt with $280 ppm Sr (measured Ba below detection limit). Therefore, the melt Ba and Sr composition as well as the high Sr/Ba ratio are consistent with the melt composition estimated using Pre-SVC1 plagioclases and the microphenocryst must be a xenocryst from Pre-SVC1 units. The slightly higher Sr concentration of the calculated melt for that crystal than for Pre-SVC1 clinopyroxene is consistent with its higher Mg#.
The core, mantle and rim of a large orthopyroxene phenocryst in SVC1 grew in melts with very low Sr and Ba concentrations: $10-70 ppm Sr and $10-20 ppm Ba. These values are much lower than any melt composition calculated from the Pre-SVC and SVC crystals, even in the most differentiated lavas. The very low calculated concentrations may therefore be due to the inadequacy of partition coefficients for the SVC system. This is supported by the fact that a melt with such low Ba and Sr concentrations would be rhyolitic and crystallize orthopyroxene with very low Mg#, which is inconsistent with the moderate Mg# of the crystal, overlapping the whole-rock SVC Mg#. This suggests that the orthopyroxene is more likely to have crystallized in the same chamber as the SVC plagioclase phenocrysts. A striking observation in the orthopyroxene composition is the change in La/Sm ratio (Fig. 10a) and Sr and Ba concentrations related to the zoning of the crystal. Clearly, the core with a La/Sm ratio of $2 is resorbed and followed by the growth of an enstatiterich zone (having higher Mg#, higher Al and Ca contents) with a low La/Sm ratio ($0Á35), and low Sr and Ba (Sr ¼ 0Á2 ppm, Ba ¼ 0Á09 ppm). The mantle is surrounded by an oscillatory-zoned rim with lower enstatite content, and higher La/Sm ratio, and Sr and Ba concentrations. Such a zoning pattern is similar to that of Type 5 plagioclase phenocrysts in which the crystal cores are resorbed during a recharge event and the magma starts convecting. However, the recharging magma is inferred to have high Ba and Sr concentrations based on plagioclase-melt calculations, therefore an increase in such elements should correspond to the crystallization of enstatite-rich pyroxene, which is not the case. The control of the variations in trace elements of the different zones is unlikely to be due to chemical (major element) control on the partition coefficients, as the zone with high enstatite displays similar to slightly higher Ca contents compared with the core and the rim of the crystals, which should result in similar to slightly higher Ba and Sr concentrations in the crystal, unlike what is observed. The only plausible interpretation of the low Ba and Sr and low LREE/MREE and LREE/HREE of the enstatite-rich zone is that it was competing with other phases for such elements during or slightly after the recharge event. It is likely that plagioclase fractionated very rapidly at the onset of the recharge event, which would have significantly reduced the La/Sm and Ba and Sr concentrations in the remaining magma. (Fig. 12a-d) . In the following sections, we discuss the isotopic differences observed within and between plagioclase from Pre-SVC1, Pre-SVC2 and SVC groups and their relationship with the plagioclase-melt trace element variations.
Processes controlling crystal 87
Sr/ 86 Sr within Pre-SVC1, Pre-SVC2 and SVC groups Pre-SVC1. Small 87 Sr/ 86 Sr variations within and amongst crystals and between crystals and the groundmass exist in the Pre-SVC1 basalt investigated (Fig. 12a  and b) . If the isotopic variations recorded by the crystals were produced by crustal assimilation during plagioclase fractionation, the zones that crystallized in the most differentiated magmas should have the highest 87 Sr/ 86 Sr ratio, which is the opposite of what we observe. For instance, in the large phenocryst investigated, the zone with the least radiogenic 87 Sr/ 86 Sr (inclusion-rich and most sodic mantle zone; Fig. 9a ) crystallized in a more differentiated melt than the surrounding crystal zones according to calculated plagioclase-melt Ba and Sr contents. Hence, it is more likely that the small isotopic variations observed in the crystals result from mixing with a recharge magma that is slightly more radiogenic than the resident magma. This scenario could explain all the isotopic variations observed. The more radiogenic signature of the core of the large phenocryst would have crystallized in the recharge magma. Mixing of the slightly more radiogenic recharging melt with the magma in the chamber would have created a hybrid isotopic composition in some zones of the chamber, whereas other parts of it would have remained unaffected, explaining the less radiogenic composition of the smaller phenocrysts. Movement of the large phenocryst through the low 87 Sr/ 86 Sr and slightly more differentiated zones of the chamber could have produced the resorption of the crystal and growth of its inclusion-rich zones. A second recharge event with a similar composition could have triggered the eruption of the lava, as the groundmass has an intermediate 87 Sr/ 86 Sr ratio between the core and the mantle of the large phenocryst. The origin of the small isotopic variations between different batches of Pre-SVC1 magma might be due either to limited assimilation of sediment during the ascent of some of the magma batches towards a shallower reservoir, or to isotopic heterogeneities produced in the source of the magma. However, Bezard et al. (2014) showed that the d
18 O values of Pre-SVC1 plagioclase were slightly higher than the mantle range, arguing for some small degree of crustal interaction with the magma. We therefore suggest that crustal assimilation is responsible for the very small isotopic variations observed in the Pre-SVC1 crystals. Pre-SVC2. In Pre-SVC2 plagioclase, Sr isotopic heterogeneities are greater than in Pre-SVC1 basalt crystals. The Type 2 phenocryst analysed (Fig. 9e ) has a core (zone A) that is more radiogenic than its mantle (zones B and C) but less radiogenic than the outer rim of the crystal. The Type 1 phenocryst core (Fig. 9d) is also less radiogenic than the sodic outer rim whereas the groundmass is more radiogenic than any other zone of the crystals. The increase in 87 Sr/ 86 Sr, in the outer rim of the Type 1 and 2 crystals, towards more radiogenic compositions without reaching the groundmass composition indicates the growth of the phenocrysts' mantle-rim in a magma that was evolving in composition rather than the re-entrainment of cumulus plagioclase, as the latter would be expected to have a rim with 87 Sr/ 86 Sr in equilibrium with the groundmass. Such an increase in 87 Sr/ 86 Sr in the crystal sodic rim and in the groundmass prior to eruption could be linked with small amounts of assimilation of the walls of the magma chamber or could occur by mixing with a more radiogenic recharge magma. However, the correlation between 87 Sr/ 86 Sr variations and resorption textures favours the second hypothesis. Indeed, the growth of the radiogenic sodic mantle-rim directly after resorption (clear in Type 1 crystals) indicates an absence of plagioclase growth between the resorption of the crystal and the growth of its radiogenic rim (and crystallization is a needed source of energy for assimilation). In addition, the high phenocryst contents of the Pre-SVC2 lavas (35-40%) imply an elevated viscosity, rendering assimilation very difficult. We therefore suggest that the outerrim increase in 87 Sr/ 86 Sr toward more radiogenic compositions occurred after a recharge event by a slightly more radiogenic magma, during convection and hybridization of the magma. The Type 4 crystal (Fig. 9f) , in contrast, is much less radiogenic than the rest of the crystals. The difference in its isotopic composition compared with the rest of the samples is consistent with a xenocrystic origin, deduced from textural and major and trace element evidence. The similar signature obtained from the two groundmass samples indicates isotopic equilibrium of the groundmass at the centimetre scale.
SVC1. The isotopic compositions of the SVC1 groundmasses are almost identical to their respective wholerock values (Fig. 12d) , which indicates that most phenocrysts must have a similar isotopic composition to the groundmass and that, therefore, no significant change in isotopic composition occurred between the beginning of plagioclase fractionation and eruption. However, subtle changes were recorded in the crystals that correspond to specific textural features. First, resorbed anorthite-rich cores from both Type 1 and 2 plagioclase ( Fig. 9g and h ) tend to be more radiogenic than the anorthite-poor plagioclase that crystallized straight after resorption, even when the groundmass is more radiogenic than the crystal. Second, the outer mantle-rim with low anorthite content and wavy oscillatory texture displays an increase or a decrease in 87 Sr/ 86 Sr toward the groundmass composition (similar to Pre-SVC2 crystals). We therefore suggest that these two observations can be explained if the anorthite-rich crystal cores were introduced by a recharge event and became partially resorbed in the more differentiated/cooler resident magma, which was of slightly different isotopic composition. The recharge event would have progressively changed the magma chamber composition and induced convection, responsible for the wavy oscillatory texture recording the progressive change in isotopic composition. This is consistent with the plagioclase-melt Ba and Sr compositions, which indicate crystallization of the anorthite-rich cores in a more primitive melt (higher Ba and Sr) than the oscillatory zones.
SVC2 and 3. The amplitude of the small isotopic variations observed in SVC1 is exacerbated in SVC2 and 3. Crystals in the Mg-Fe-Mn amphibole-bearing lavas seem to have recorded the same process as in SVC1 but resulting in different textures. Whether the phenocryst cores are uniform and sodic (Type 6; Fig. 9n ) or exhibit a more complicated texture (Type 2; Fig. 9m ), the last main resorption textures/surfaces are followed by a zone with wavy oscillatory zoning with 87 Sr/ 86 Sr displaced toward the groundmass composition. The resorption texture is either a resorption surface with limited small inclusions or a 'flame' texture. Similar to SVC1, such textures indicate that the isotopic variations in the crystals were produced by the arrival of a recharge magma of slightly different composition from that resident in the SVC magma chamber. The recharge event induced the resorption of the existing sodic phenocryst followed by either limited growth of an anorthite-rich plagioclase and an oscillatory zoned mantle-rim owing to convection during crystallization, or simply an oscillatory-zoned mantle-rim. Such an interpretation is supported by the isotopic composition of the Type 2 microphenocryst (Fig.  9l) , which is more radiogenic than the groundmass. Indeed, the high calculated Ba and Sr concentrations in the melt in equilibrium with this crystal, as well as the very small size of the crystal, indicate that it crystallized from the last recharge magma of the SVC chamber before eruption. The mixing of this last recharge magma with the less radiogenic resident magma in which the core of Type 6 and Type 2 phenocryst crystals grew (Fig.  12d) would produce a magma with a hybrid isotopic composition between the two, similar to that recorded in the 87 Sr/ 86 Sr ratio of the rim of the Type 6 and Type 2 crystals.
In the orthopyroxene-bearing sample, partial resorption of the sodic core of the Type 5 crystal ( Fig. 9j and k) and the subsequent growth of anorthite-rich plagioclase with a less radiogenic composition is consistent with recharge by a less radiogenic magma, similar to the groundmass. However, although the growth of anorthite-rich plagioclase is followed by a mantle/rim with an oscillatory texture (as in SVC1 and in Mg-FeMn amphibole-bearing SVC2 and 3), 87 Sr/ 86 Sr does not decrease toward the lower 87 Sr/ 86 Sr ratio of the groundmass ( Fig. 9j and k) . This observation suggests that the mantle-rim of the crystals did not grow in a melt affected by the recharge event. We suggest that, like Pre-SVC2 and other SVC crystals, the phenocrysts of the orthopyroxene-bearing sample also recorded a recharge event, but that the recharge melt did not efficiently mix in the chamber. The recharge event, of less radiogenic isotopic composition than the crystals, induced resorption of the sodic phenocrysts and the crystallization of anorthite-rich plagioclase in a hybrid melt before convection transferred the crystals into an isotopically different zone of the chamber. We infer that this zone had not, at the time, been influenced by the recharge event and transferred its slightly different isotopic composition to the wavy oscillatory zoned mantle-rim. We suggest that there was insufficient time to homogenize the whole chamber after the mixing with the recharging melt. The crystals were then brought to the surface in a magma influenced by the same recharge event or by a second one of similar isotopic composition to the first. A short amount of time between the recharge event and the eruption would be consistent with the lack of significant Ba and Sr diffusion within the crystals. Sr variations between Pre-SVC1, Pre-SVC2 and SVC groups The significant increase in 87 Sr/ 86 Sr observed between crystals from the three lava groups (Fig. 12a) is consistent with that observed in the whole-rock compositions and has been interpreted to reflect increasing extents of metasediment assimilation by the magmas (Bezard et al., 2014 (Bezard et al., , 2015 . Although some small variations exist, the 87 Sr/
86
Sr compositions of plagioclase from each group are similar; intermediate isotopic compositions between groups are not observed. Given that plagioclase-melt trace element concentrations in both Pre-SVC2 and SVC lavas indicate the occurrence of recharge events, the absence of intermediate isotopic compositions between the three lava groups suggests that assimilation occurred deeper than the chamber in which the plagioclase phenocrysts crystallized (i.e. in the chamber from which the recharging melt was derived). Indeed, if crustal assimilation and phenocryst fractionation occurred in the same chamber, it would have to be in a two-layer system in which magma was effectively assimilating wall-rock in the deeper zone and recharging the more differentiated upper layer only before eruption. However, in this case, plagioclase fractionation would probably occur in both layers, owing to their similar depth. The plagioclase fractionated in the deeper layer of the chamber would probably record the assimilation event during growth and exhibit some intermediate isotopic compositions between Pre-SVC1 and Pre-SVC2 or SVC. The mixing of the magma from the deep zone with the differentiated magma of the upper zone of the chamber would subsequently transport these plagioclase crystals with intermediate isotopic compositions in the erupted lavas. However, no such compositions are observed in the erupted magmas. Instead, it is more plausible that crustal assimilation occurred in a different chamber from that in which phenocryst crystallization occurred, located in the lower-middle crust as suggested by the major and trace element composition of the Ca-amphibole microphenocrysts found in SVC lavas. In such a scenario, the absence of plagioclase zones that recorded the assimilation event can result from (1) crystal dissolution during ascent between the two reservoirs, (2) absence of plagioclase crystallization at great depth, or (3) segregation of the crystals in the first chamber. In addition, the similar 87 Sr/ 86 Sr ratios of all SVC crystals are consistent with the relatively constant Ba and Sr composition observed in the recharging melt through the SVC lifetime, which argues for similar processes generating the recharge melt. Schmitt et al. (2010) , the SVC zircons have long residence times, whereby the cores are typically 100-300 kyr older than the rims. Therefore, zircon could have undergone isotopic equilibration. In this case, the homogeneous mean d
Mineral
18 O could be due to volume diffusion of O in the zircon through time, which would have homogenized potential extreme (low or high) signatures. Both experiments and natural systems show that diffusion rates increase with P H2O (Watson & Cherniak, 1997; Zheng & Fu, 1998) . However, the rate of diffusion in zircon at a given temperature is still controversial (Valley, 2003) and experimentally determined oxygen diffusion rates are higher than those estimated from natural samples. At temperatures relevant to the SVC chamber, the fastest experimentally determined diffusion rates (Zheng & Fu, 1998 ; hydrous conditions diffusion rate at 800 C: 5Á77 Â 10 -17 cm 2 s -1 ) is similar to that of Sr plagioclase (between 9Á92 Â 10 -17 and 5Á98 Â 10 -14 cm 2 s -1 ; Cashman, 1990; Davidson & Tepley, 1997) . Because large changes in Sr content are preserved in plagioclase cores and mantles across major dissolution surfaces as small as 50 mm, it seems unlikely that intra-crystal d
18 O variations in zircons would not be preserved, given the large size of the zircons analysed (c-axis plane surface is typically around 6000 mm 2 ). Therefore, the homogeneous oxygen isotopic composition of the zircons rather largely reflects the absence of major fluctuations in the isotopic composition of the magma through time. 
MAGMATIC EVOLUTION OF PRE-SVC AND SVC
A schematic model for the magmatic evolution of Pre-SVC2 and 3 and SVC lavas is illustrated in Fig. 15 . Pre-SVC1 lavas fractionated pyroxene and olivine in a storage zone at the base of the crust, ascended through pre-existing crustal weakness zones, escaped major assimilation and were stored in a shallow chamber close to the magma water-saturation depth where plagioclase phenocrysts crystallized. Pre-SVC2 lavas probably fractionated pyroxene and olivine at the base of the crust, but were subsequently stored in the middle crust at the interface between a metasedimentary layer and the lower crust. Crustal assimilation occurred at such a depth and the resulting magma then ascended towards the shallow chamber where phenocryst crystallization occurred. Although Pre-SVC2 lavas are more mafic (basaltic-andesite to andesite) than those in the SVC (high-silica andesite-dacite), processes occurring during crystal fractionation in the shallow chamber are similar to those for the SVC. (b) In the SVC, as for Pre-SVC2 lavas, magmas probably started crystallizing in the storage zone at the base of the crust, and then ascended to the middle crust interface between the metasediment layer and the mafic crust. A high flux of mafic magma from the chamber at the base of the crust allowed the elevation of the local geotherm and the development of a large magma chamber. In this chamber crustal assimilation of the metasediment was important and must have been accompanied by fractionation. The resulting magma was andesitic, had high amounts of water and ascended toward a shallow reservoir. During its ascent, existing crystals or xenocrysts were dissolved owing to the overheating of the magma, but Ca-amphibole microphenocrysts crystallized, followed by crystallization of anorthite-rich plagioclase owing to decompression and decrease in water solubility. Recharging magma arrival at shallow depths, close to water-saturation, caused more anorthite-rich plagioclase crystallization. At such depths, the recharging magma (orange colour) started mixing with the magma in the shallow chamber (purple colour), as illustrated in the enlarged area 1. During the mixing, both crystals in equilibrium with the recharging melt (anorthite-rich; orange crystals) and those in equilibrium with the cool, differentiated magma (entirely sodic or zoned with a sodic rim; purple crystals and zoned crystals with purple rim) were affected by partial resorption. In the sodic crystals, partial resorption was often followed by a short period of growth of anorthite-rich plagioclase. All crystals were then entrained into the convection produced by the recharge event, during which the mantlerim of the crystals grew a wavy oscillatory texture, as shown in enlarged area 2. Mixing is thought to have triggered eruption.
Pre-SVC1
Pre-SVC1 basalts were last stored in a magma chamber where all plagioclase crystallization occurred. Because the Pre-SVC1 basalt is differentiated compared with primitive arc basalts (Bezard et al., 2015) , the absence of olivine or pyroxene fractionation recorded in the coreto-rim plagioclase-melt compositions indicates that the fractionation of such phases occurred prior to plagioclase crystallization, probably in a deeper magma chamber. In the shallow chamber, textural, trace element and 87 Sr/ 86 Sr evidence suggests that crystals were exposed to changing conditions, in a slightly heterogeneous magma. Heterogeneities are likely to have been produced by mixing of different batches of magma, which were variably affected by small amounts of assimilation.
The Pre-SVC1 rhyolite does not display any textural or chemical indication of open-system processes. Melt trace element compositions, reconstructed from plagioclase, indicate that the rhyolite could have been generated by significant fractionation of plagioclase from a Pre-SVC1 basalt. The resultant melt was subsequently stored in a relatively homogeneous magma chamber where sodic plagioclase crystallized.
We suggest that the limited impact of crustal assimilation on the Pre-SVC1 lavas, which are mainly mafic, might be due to the ascent of small volumes of magma reaching the surface rapidly using pre-existing crustal weak zones (Fig. 15a) . This would be consistent with the spread of Pre-SVC1 activity across the island.
Pre-SVC2
The crystal textures and compositions in the Pre-SVC2 lavas indicate their growth in a magma chamber undergoing frequent recharge by more primitive magma. The absence of evidence for progressive assimilation in the plagioclase phenocrysts argues that crustal assimilation occurred in a deeper chamber, in which the recharge magmas were generated. Small isotopic and chemical variations in the crystals corroborate textural evidence for recharge events. However, because the crystal heterogeneities are limited, we infer that all recharge magmas had undergone similar amounts of assimilation. This indicates a process capable of buffering the amount of assimilation before ascent towards the shallow chamber.
During ascent towards the shallow magma chamber, anorthite-rich plagioclase crystals crystallized in the recharge magma (Type 1 and 2 cores). These were subsequently partially resorbed during the mixing between the recharge magma and the more differentiated magma resident in the shallow chamber. Sodic plagioclase present in the magma chamber prior to recharge also became partially resorbed, occasionally overgrown with a thin anorthite-rich zone when located close to the recharge locus in the chamber. The recharge event resulted in increased convection in the cool chamber, and all crystals (Types 1, 2 and 3) grew a mantle-rim with a wavy oscillatory texture in equilibrium with the hybrid magma.
Unlike Pre-SVC1 magmas, we suggest that Pre-SVC2 magmas were stored in the middle crust in contact with metasedimentary wall-rocks prior to ascending to a shallow reservoir where phenocryst fractionation occurred (Fig. 15a) . Protracted storage in the middle crust could result from the absence of pre-existing structures to promote fast magma ascent to the surface and high magma fluxes preventing premature magma crystallization. Given that all Pre-SVC2 lavas are located in the same area in the south of the island, local crustal conditions might be responsible for halting the magmas in the middle crust. However, we suggest that the mafic to intermediate nature of the Pre-SVC2 lavas and their lower extents of assimilation compared with the SVC lavas (lower 87 Sr/ 86 Sr, and lower Sr and Ba in plagioclase-melt) reflect a shorter residence time in the middle crust than experienced by magmas going through the SVC plumbing system.
SVC
Decoupling of crustal assimilation and phenocryst crystallization
The decoupling of crustal assimilation and phenocryst crystallization in the SVC magmas (two different magma chambers) is supported by the following: (1) the absence of intermediate 87 Sr/ 86 Sr isotopic compositions between Pre-SVC1 and SVC plagioclase, which indicates that assimilation did not occur during plagioclase growth, nor in a different layer of the same chamber; (2) the absence of mantle-like d
18 O in zircons from SVC1, 2 and 3 lavas, which indicates that assimilation did not occur during zircon crystallization over the last 640 kyr; (3) the growth of the high-pressure Caamphibole from a melt with similar Ba and Sr concentrations to that from which the plagioclase crystallized in the SVC recharging melt. Indeed, the high Ba and Sr concentrations (as well as very radiogenic 87 Sr/ 86 Sr ratios) of this plagioclase suggest that the recharge magma had already experienced crustal assimilation. We therefore suggest that assimilation occurred in a deeper chamber than the chamber in which phenocryst crystallization occurred, as for Pre-SVC2 (Fig. 15b ).
Conditions and processes in the deep chamber
The absence of metasedimentary xenoliths or antecrysts from the deep chamber feeding the erupted SVC lavas makes it difficult to constrain the physical conditions during crustal assimilation. One clue comes from the composition of the crystals that grew within the recharge magma(s). High-Mg# Ca-amphibole microphenocrysts found in SVC2 and 3 lavas (ferri-sadanagaite) indicate a mid-to lower-crustal depth and a magmatic temperature of around 1000 C for the recharge magma. Their major element composition (high Mg#, low Cr 2 O 3 and NiO) indicates an andesitic rather than basaltic nature of the recharge magma. This is supported by the absence of enclaves with quench textures in the SVC lavas, the latter usually occurring during mixing of two magmas with large temperature contrasts. It is also consistent with the large amounts of assimilation required to explain the mineral 87 Sr/ 86 Sr and d 18 O ratios, which are hard to conceive without a magma change toward more felsic compositions. Indeed, both assimilation by latent heat of crystallization and assimilation by melting of the metasediment by sensible heat would produce an increase in SiO 2 , either by important fractionation or by mixing with a felsic melt. Bezard et al. (2014) showed that all St Lucia whole-rock trace element and isotope compositions back-project towards the Pre-SVC1 basalt compositions. We therefore suggest that the middle-crust magma chamber was recharged by a more primitive magma similar to the Pre-SVC1 basalt that subsequently became modified by crustal assimilation. The basaltic nature of the recharge melt is necessary to supply the heat needed for the development of a long-lived (!600 kyr) magma chamber in the middle to lower crust (Annen & Sparks, 2002) . Crustal assimilation increased the Ba, Sr, La/Sm, 87 Sr/ 86 Sr and d 18 O of the magma. The magma also had a high oxygen fugacity (NNO þ 1Á4 to NNO þ 1Á5) and was very hydrous with H 2 O ¼ 7Á6-8 wt %, as indicated by the composition of the high-Mg# Ca-amphibole microphenocrysts. Given that average H 2 O contents of arc basalts are around 4 wt % (Plank et al., 2013) , the high water content of the inferred magma needs to be produced either by significant crystal fractionation or by assimilation of water-rich material. The high water content of the magma might have facilitated its ascent toward the surface (Annen et al., 2006) and caused the dissolution of any crystals or xenoliths during ascent, as a result of overheating. The Ca-amphibole microphenocrysts and anorthite-rich plagioclase crystallized in the water-rich magma during its ascent to the shallow chamber. The limited isotopic differences between batches of magma, recorded in the zircon (d 18 O) and plagioclase ( 87 Sr/ 86 Sr) compositions of the SVC, argue for slight variations in the amount of assimilation or in the composition of the assimilant throughout SVC time. However, in general, the isotopic compositions of all SVC plagioclases ( 87 Sr/ 86 Sr) and zircons (d 18 O) are similar, which indicates that magma extraction from the deep reservoir was always triggered after a similar amount of assimilation. One possibility to explain this consistency is that the water content of the magma in the middle crust chamber was controlling the periodicity of magma ascent to the upper crustal reservoir. Because the amount of water would be proportional to the amount of metasediment assimilated or to the amount of crystal fractionation, intimately linked with the amount of assimilation, a constant rate of assimilation could then be achieved for all batches of magma leaving the chamber.
The process of assimilation remains hard to constrain. The hot zone model proposed by Annen et al. (2006) could be considered. It hypothesizes that magmas intruding as sills at the interface between igneous crust and metasedimentary-rich upper crust (1) partially crystallize leaving a residual andesitic melt enriched in H 2 O, and (2) lead to partial melting of the surrounding country-rocks (in our case inferred to be metasediments). In this scenario, a low rate of magma intrusion into the hot zone would be required, as high rates cannot produce the constant ratio of residual melt/ partial melt through time needed to explain the constant isotopic composition observed in the SVC over the last 600 kyr (see Annen et al., 2006) . The phases fractionated during differentiation of the magma would primarily be pyroxene, as Dy/Dy* and Dy/Yb relationships preclude any amphibole or garnet fractionation (Bezard et al., 2015) . However, the mineral textures and in situ 87 Sr/ 86 Sr data indicate that crustal assimilation occurred via a similar process in both SVC and Pre-SVC2 lavas and, unlike in the SVC, lavas as mafic as basaltic andesite are found in the Pre-SVC2 group, which indicates that assimilation is not necessarily coupled with silicic magma production. Because the coupling of assimilation and silicic magma production is necessary in the hot zone model, the model cannot account for Pre-SVC2 lavas, and another process of crustal assimilation needs to be considered. Bezard et al. (2015) ], which indicates that the extent of crustal assimilation is proportional to either crystal fractionation or the amount of incorporation of felsic metasediment. The incorporation of metasediment, without substantial differentiation (production of silicic magma), can be achieved by bulk melting if magma temperatures are >1000 C. At lower temperatures, metasediment incorporation could have occurred by dehydration-melting as proposed by Beard et al. (2005) . In their model, amphibole and/or biotite þ quartz þ plagioclase react with the magma to produce orthopyroxene and/or clinopyroxene þ calcic plagioclase þ oxides þ hydrous melt. Such a process allows a high rate of assimilation/crystal fractionation, because it consumes less energy than melting the metasediment and could very well explain the mafic to andesitic nature of the Pre-SVC2 lavas. It could also be viable to explain the SVC lavas, as the SiO 2 content of the lava could be proportional to the amount of crust incorporated.
Conditions and processes in the shallow chamber
Same chamber for all SVC magmas. The homogeneous d
18 O, 87 Sr/ 86 Sr and trace element compositions of the SVC phenocrysts suggest that all SVC magmas crystallized in the same chamber, which supports the interpretation of Schmitt et al. (2010) based on correlations between growth pulses of zircons of different eruption ages.
Depth and temperature of shallow storage. Based on published cummingtonite (Mg-Fe-Mn amphibole) stability conditions (2-3 kbar and 790-810 C) and thermobarometric calculations for the low-Mg# Caamphibole microphenocrysts of the orthopyroxenebearing SVC2 and 3 lavas (814-844 C and 1Á1-2Á1 kbar), we suggest that the shallow SVC chamber is located at 10 km depth. Temperature is heterogeneous in the chamber and varies from 800 C in the Mg-Fe-Mn amphibole-bearing part of the chamber to 800-840 C in the orthopyroxene-bearing part before and during eruption of SVC2 and 3 lavas and pyroclastic rocks. Although no thermobarometric estimations exist for the shallow storage conditions of SVC1 volcanic rocks, the absence of biotite in the lavas and pumices indicates slightly higher temperatures than for the SVC2 and 3 magmas. The changes in mineralogy and calculated melt Ba concentration observed from SVC1 to SVC2 and 3 indicate that the magma chamber has progressively cooled since the onset of the SVC.
Recharge and mineral fractionation. Textures of all types of crystals except Type 4 were produced as a result of mixing of a more primitive magma into a shallow chamber during recharge events. Before reaching the shallow chamber, anorthite-rich plagioclase (Type 1 and 2 cores) and Ca-amphibole microphenocrysts crystallized in the recharging magma. The stalling of the magma at shallow depths might be due to an increase of viscosity in response to plagioclase fractionation close to or at the water-saturated liquidus ($6 km depth). Fractionation produced a rhyolitic groundmass, even in the SVC1 andesites. During the recharge events, mixing of the primitive magma into the more differentiated chamber led to partial resorption of its anorthiterich crystals (Type 1 and 2 cores) owing to the differences in composition, temperature and volatile content of the magma. The difference in temperature and in water content between the recharging magma and the shallow chamber was recorded by the composition of the high-and low-Mg# amphiboles, respectively. The injection of the more primitive and hotter magma into the shallow chamber also led to the partial resorption of the resident sodic plagioclase (Type 5 and 6 cores) and sometimes orthopyroxene and biotite crystals in equilibrium with the more differentiated magma. When the sodic crystals were in contact with the recharge magma, the resorption texture was followed by crystallization of anorthite-rich plagioclase with a trace element and isotopic composition similar to the recharge melt (Type 5). Recharge events triggered chamber-wide convection in the magma chamber. Chamber-wide convection is responsible for the wavy oscillatory zoning observed in all plagioclase mantle-rims grown (Types 1, 2, 3, 5 and 6) after the partial resorption of both the anorthite-rich and the sodic crystals (or after the anorthite-rich overgrowth following sodic core resorption if observed). Orthopyroxene that grew after partial resorption consists of a more enstatite-rich zone followed by an oscillatory rim, similar to plagioclase. In Mg-Fe-Mn amphibole-bearing lavas, very limited anorthite-rich zones grew after partial resorption of sodic crystal cores, and the occurrence of large crystals of unresorbed Mg-Fe-Mn amphibole suggests that the magma was not in the 'hot part' of the magma chamber where the recharging magma is injected. This is consistent with the lower Ba and Sr of the melt in which sodic plagioclase from these samples crystallized, compared with other SVC lavas. Indeed, such compositions indicate a highly differentiated melt, which did not experience much mixing with more primitive magma. In addition, the extrusion of the Mg-Fe-Mn amphibolebearing lavas at the end of the SVC2 and SVC3 eruption periods suggests that such lavas may have come from a cooler zone of the magma chamber and were forced to erupt by physical entrainment following the eruption of large amounts of magma. The presence of a large number of plutonic enclaves in the SVC lavas, with similar mineralogy and with zircons sharing similar growth age and d
18 O to the lavas (Fig. 13a) , indicates that these are sub-solidus equivalents of the SVC magma. Therefore, parts of the magma chamber may have been even cooler than the Mg-Fe-Mn amphibole-bearing lavas.
Process triggering eruption. Recharge events seem to have preceded the eruption of the lavas. This is particularly obvious in the Mg-Fe-Mn amphibole-bearing lavas, where a sodic rim of less than 50 mm surrounds a microphenocryst in equilibrium with the recharge melt. We therefore propose that recharge events may have triggered all SVC eruptions by reactivating the cool and differentiated shallow magma chamber. The period of incubation between the onset of the recharge events and eruption seems to be much longer than in the case in which mafic magma mixes with a rhyolitic melt. Indeed, in the latter case, narrow rims of less than 50 mm typically grow between the resorption texture and eruption (e.g. Kent et al., 2010) , whereas in the SVC crystals, although a few crystals show a narrow rim, a wavy oscillatory-zoned rim up to 200-300 mm wide can be observed. This may be the consequence of the more differentiated and cooler nature of the recharge melt compared with a mafic magma. Such difference in the recharging melt characteristics will lead to less efficient reactivation of the cool and viscous shallow chamber, but still lead to eruption. The time lag between the beginning of recharge events and eruption could have become progressively longer from SVC1 to SVC3, because of the more differentiated and cooler state of the shallow chamber. This would be in agreement with the fact that the growth of zircon rims during or just before the two last eruption periods (SVC2, 3) is scarcer than for the SVC1 period, during which the growth of zircon rims preceded volcanism by up to 10-20 kyr (Schmitt et al., 2010) . Indeed, zircon growth is inhibited above 800 C and voluminous recharge events (at $1000 C according to Ca-amphibole thermometry) might elevate the temperature of the resident magma above zircon saturation, at least in some parts of the reservoir. Eruption of the Mg-Fe-Mn amphibolebearing lavas at the end of the SVC2 and SVC3 periods is linked with the recharge event and resorption textures, as well as the wavy oscillatory textures, attesting to convection of the crystals in a hybrid melt before eruption. However, as explained in the previous section, their lower temperatures indicate that they were more likely to be erupted by entrainment following the eruption of the orthopyroxene-bearing magmas.
Focusing of the activity. The SVC volcanic rocks erupted only in the SW of the island and no other volcanic centre was simultaneously active (Lindsay et al., 2013) . The reasons for the focusing of the activity in the southwestern part of the island at about $600 ka remain unconstrained. Although not documented, it could be related to a change of stress in the crust. The transition from the spread of activity to the focused magmatism in the southwestern part of the island is clearly linked with the transition between mainly mafic eruptive products and the development of the SVC silicic complex. The large amounts of magma erupted and the constant crustal assimilation rate over 600 kyr indicate a longlived magma plumbing system. We suggest that the development of the SVC was possible owing to a significant and regular input of magma from the mantle. Indeed, as highlighted by Annen et al. (2006) , the development of a magma chamber in the middle or lower crust requires a regular input of magma to increase the local temperature enough to avoid the freezing of the magma.
The presence of a metasedimentary layer in the middle to lower crust is probably another major factor in the development of the complex, as it would produce a major rheological interface, similar to the transition between lower and upper crust in continental arcs, affecting the ascent of the magma. In such a context, if no preexisting weakness zones (e.g. faults) are present to facilitate the ascent of mafic magma to the surface, magmas would tend to accumulate at this boundary, leading to increasing heat, development of a magma chamber, differentiation and assimilation of the wall-rocks.
Implications for development and evolution of silicic complexes in mature arcs
This study indicates that the development of a silicic complex in St Lucia results from a combination of processes, rather than a single one, as previously suggested by Annen et al. (2006) . The need for the production of andesitic magma in the arc middle-lower crust instead of in a shallow reservoir was highlighted by Annen et al. (2006) for several localities such as Mount Mazama in the Cascades. The assimilation of sialic material in the genesis of the andesitic magma at depth is observed for several continental arcs (e.g. Hildreth & Moorbath, 1988 ), but has never been shown to occur in oceanic arcs before. The crystallization of all the phenocrysts present in the lavas, dominated by plagioclase, close to and in the shallow magma chamber at around 200 MPa supports the decoupling of silicic magma production from phenocryst crystallization as suggested by Annen et al. (2006) . The nearly constant amounts of assimilation by all recharging magma batches suggest that the factor triggering magma ascent from the midcrustal zone of assimilation to the upper crustal zone of differentiation may be intrinsic to the assimilant composition. The occurrence of significant amounts of assimilation for some basaltic andesites from Pre-SVC2, albeit lower than for the andesitic to dacitic SVC lavas, indicates that the production of silicic magma in the deep crust does not necessarily result in crustal assimilation, but instead that the development of silicic magma may be partly a consequence of increasing assimilation.
Although mixing has long been recognized to occur in the petrogenesis of andesitic and dacitic magma bodies and to be responsible for the different crystal populations and textures observed, most cases involve mixing of basalt and basaltic andesite with rhyolite (Kent et al., 2010) . Mixing between andesitic and rhyolitic magma is less common.
CONCLUSIONS
The integration of petrographic observations, mineral major and trace elements, in situ plagioclase 87 Sr/ 86 Sr and zircon d
18
O data for volcanic rocks erupted before and during the development of the Soufriè re volcanic complex in St Lucia indicates that the production of silicic magma occurred in an open system comprising at least two vertically segregated reservoirs. The difference in isotopic and trace element composition between the SVC volcanic rocks and the older and more mafic Pre-SVC1 lavas results from their storage in the middle-lower crust in contact with a metasedimentary layer. Crustal assimilation and crystal fractionation occurred to produce andesitic magma with a high water content and oxygen fugacity and of a similar composition throughout the existence of the silicic complex. The andesitic magmas were then transferred to a shallow chamber where, except for a few crystals that crystallized during their ascent, the phenocrysts observed in the lavas crystallized. The mixing of the recharging andesite with the cooler and more differentiated magma of the shallow chamber is responsible for all the major resorption textures observed in the phenocrysts. It is also thought to have triggered the SVC silicic eruptions. studentship (No. 2012060) . The ion microprobe facility at UCLA is partly supported by a grant from the Instrumentation and Facilities Program, Division of Earth Sciences, National Science Foundation.
